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Abstract 
The 160-km-long Pataz gold province in the Eastern Cordillera of the northern Peruvian Andes is known for its 
auriferous quartz-sulfide veins since the Inca time (15-16th centuries). Over the past 100 years, more than 16 
underground deposits, distributed over the Pataz, Parcoy and Buldibuyo districts, produced 6 Moz gold. Further 
gold resources are estimated at 40 Moz at least for the entire mineralized belt. These vein-type deposits, which 
belong to the orogenic (or mesothermal) deposit class, are located along the western margin but also along the 
eastern margin, in the southern part of the belt, of the Pataz Batholith (U/Pb intrusion age: 329 Ma, 40Ar/39Ar 
cooling ages: 329-328 Ma) and less commonly within the adjacent Upper Proterozoic to Ordovician 
metasedimentary rocks. The 325-322 Ma 40Ar/39Ar dates obtained for micas from a late aplite dyke represent the 
upper age limit of the mineralization. The closest approximation of the age of the gold veining is yielded by the 
314-312 Ma 40Ar/39Ar ages measured for the muscovite alteration related to the lodes. 
Several recurrent and typical field characteristics include (1) at a regional scale, location of the mineralization in 
low-order structures west of a major NNW-striking lineament, and its spatial association with the NNW-striking 
margins of the batholith, resulting in the concentration of the lodes in a 1- to 3-km-wide structural corridor; (2) at 
the mine scale, strong rheological and lithological controls on the vein styles, the lodes occurring as continuous up 
to 5-km-long quartz veins within or along the margin of the batholith, or as branching and bedding-concordant ore 
shoots within folded Ordovician slates/hornfels; (3) constant vein strikes, in particular within the batholith, where 
more than 80 percent of the hydrothermal veins are emplaced in N- to NW-striking, east-dipping, brittle-ductile 
deformation zones opened as reverse-dextral faults during a roughly E-W compressional event (strain ellipsoid: 
Z~080°/15°, Y~165°/00°, X~255°/80°); (4) a consistent Au, Ag, As, Fe, Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W) metal 
association, and a two-stage sulfide-rich ore sequence, with a first paragenesis composed of milky quartz, pyrite, 
arsenopyrite and ankerite (stage I), and a second one postdating a fracturation event bearing blue-grey 
microgranular quartz, galena, sphalerite, chalcopyrite, Sb-sulfosalts, electrum, and native gold (stage II), crosscut 
by post-ore calcite-dolomite-quartz veinlets (stage III); and, (5) a hydrothermal alteration of the vein wallrocks, 
consisting of pervasive sericitization with minor chloritization, carbonitization, and pyritization coupled to strong 
bleaching in plutonic rocks, and of weak almost invisible sericitization and chloritization in sedimentary rocks 
Corroborating the uniformity in the structural style, ore sequence, alteration, and metal association, the Pataz 
lodes present an isotopic homogeneity at the province scale that argues for a regional fluid flow at scales of several 
tens of kilometers. In term of fluid sources, the calculated stable isotope compositions of the ore-forming fluid 
(stages I & II: Df = -25 ±10‰, δ18Of = 7 ±2‰, δ13CΣC = -3 ±1‰, and δ34SΣS = 2 ±2‰) are non-diagnostic, and 
reflect the fluid-rock interactions taking place along the pathways, with values resulting from a mixture of the 
intersected lithologies (Pataz Batholith, its deep-seated root rocks and the Precambrian metamorphic basement). 
The radiogenic isotope tracers point out substantial metal input external to the host pluton and remote from the 
depositional environment. The lead isotope ore compositions (206Pb/204Pb = 18.35-18.46, 207Pb/204Pb = 15.62-15.69, 
208Pb/204Pb = 38.26-38.50) reveal a mixture between lead from the immediate calc-alkaline plutonic rocks and deep-
seated reservoirs such as the plutonic roots and other lower crustal rocks. Likely sources of the quite radiogenic 
strontium in the hydrothermal fluid (87Sr/86Srf >0.715) are the Precambrian basement and, in unknown proportions, 
ultimate crustal providers such as gneiss or subducted sediments.  
There is a common succession of fluid events at the province scale, with three chemically-different fluid 
inclusion populations: (1) pre- to syn-ore clusters of pseudosecondary H2O-CO2-NaCl±CH4 inclusions in milky 
quartz (1 to 8 wt% NaCl equiv.), (2) syn-ore H2O-NaCl inclusions, trapped as secondary trails in quartz and as 
pseudosecondary clusters in sphalerite, showing decreasing salinities from 15 to 5 wt% NaCl equiv., and (3) post-
ore highly saline H2O-NaCl-CaCl2 inclusions in crosscutting cracks. The decrease of the salinities and the related 
drop of the homogenization temperatures (from 268 to 142°C) observed in population 2 inclusions probably reflect 
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mixing between a hot moderately saline fluid and a low-temperature dilute fluid. Isochore reconstructions on the 
fluid inclusion results suggest that, between quartz deposition (early stage I) and sphalerite precipitation (auriferous 
stage II), the veins followed a decompression path, in which the pressure decreased from about 5 kbar to less than 1 
kbar while the temperature dropped from about 400°C to less than 300°C. This P-T evolution can be explained in 
terms of depth changes linked to uplift, and continuous cooling of the hydrothermal system. 
The combination of the isotopic ages available in the Pataz area suggests that gold mineralization (≥314-312 
Ma) post-dates by 4 to 17 m.y. the emplacement of its main host rock, the Pataz Batholith (329 Ma). Such a time 
gap coupled to the results of the radiogenic isotope tracers and the size of the hydrothermal system allow to rule out 
a genetic link between gold veining and the high-level plutons like the Pataz Batholith. The host intrusion and the 
weakness corridors along its margins only offered to the epigenetic lodes a suitable structural trap with adequate 
mechanical properties. To our knowledge, the only regional event that coincides with the mineralization date is the 
temporary uplift of the convergent margin at the Mississippian-Pennsylvanian boundary, consecutive to its 
thickening. Consequently and in accord with the lead and strontium isotope results, the origin of the Pataz lodes has 
to be sought in deep-seated processes. There is no clear argument to favor, given the fluid chemistry and isotope 
composition, a deep magmatic, or metamorphic model for the deep-sourced fluids involved in the generation of 
these deposits. 
From the research reported here and comparison to existing models, the Pataz gold deposits constitute another 
example of a large-scale fluid flow in a convergent margin undergoing tectonic and heating re-equilibration during 
crustal thickening. Under these favorable conditions, low-salinity aqueo-carbonic fluids were released from the 
lower crust, and were able to migrate upwards along major lineaments. At a depth of 16±5 km, these fluids 
deposited quartz and ankerite in low-order reverse faults and extension fractures bordering the batholith. 
Moderately saline CO2-free fluids followed the aqueous carbonic fluids, and discharged their metal contents in the 
quartz lodes, mineralizing them with pyrite and arsenopyrite (stage I). At shallower levels (ca. 5-10 km), dilute and 
low-temperature surface-derived waters infiltrated the hydrothermal system, and progressively diluted and cooled 
the rising brines. This fluid mixing and a drop in sulfur activity are apparently the main mechanisms that provoked 
at ~330°C (δ34S geothermometry) the dissociation of the Au(HS)2- complex, and thus its deposition as native gold 
and electrum together with sphalerite and galena (stage II). 
In view of the convergent plate setting, the uplift conditions, and the passive attitude of the plutonic host, the 
Pataz lode-gold deposits are in an equivalent situation to a large number of orogenic gold deposits hosted by 
granitoids. Closest counterparts of the Pataz deposits in Middle to Late Paleozoic times are the St-Yrieix district in 
France, and the Charters Towers orefield in Australia. At the Andean scale, the Pataz province appears as the 
northernmost expression of Devono-Carboniferous orogenic Au-Sb-W belts that extend down to west-central 
Argentina along the Eastern Cordillera and the Sierras Pampeanas, encompassing historical districts and deposits 
such as Ananea, Santo Domingo, Yani-Aucapata, Amayapampa, Sierra de la Rinconada and Sierras Córdobas. 
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Résumé 
La province aurifère de Pataz, qui s’étend sur 160 km de long dans la partie septentrionale de la Cordillère 
Orientale des Andes péruviennes, est connue depuis l’époque inca (15-16ème siècles) pour ses veines de quartz 
riches en or et sulfures. Lors des cent dernières années, plus de 16 mines souterraines, réparties dans les districts de 
Pataz, Parcoy et Buldibuyo, ont produit 6 millions d’onces d’or. Les ressources additionnelles en or sont estimées à 
au moins 40 millions d’onces sur l’ensemble de la ceinture mineralisée. Ces gisements filoniens, qui appartiennent 
à la classe des gisements d’or orogéniques (ou mésothermaux), sont localisés le long de la marge occidentale mais 
aussi le long de la marge orientale, dans la partie sud de la province, du batholite de Pataz (âge U-Pb de l’intrusion: 
329 Ma, âges 40Ar/39Ar de refroidissement: 329-328 Ma) et, dans une moindre mesure dans les roches 
métasédimentaires avoisinantes tardi-protérozoïques à ordoviciennes. Les âges 40Ar/39Ar de 325-322 Ma obtenus 
sur des micas provenant d’un dyke aplitique représentent la limite supérieure en âge de la minéralisation. La plus 
proche estimation de l’âge de la minéralisation est donnée par les âges 40Ar/39Ar de 314-312 Ma mesurés sur 
l’altération séricitique qui est liée aux veines. 
Ces gisements filoniens présentent plusieurs caractéristiques typiques et récurrentes, dont: (i) à l’échelle 
régionale, une mise en place dans des structures secondaires à l’ouest d’un linéament orienté NNO-SSE, et une 
association spatiale avec la bordure nord-nord-ouest du batholite, ce qui a pour effet de concentrer les veines à 
l’intérieur d’un corridor structural de 1 à 3 km de large; (ii) à l’échelle de la mine, un contrôle rhéologique et 
lithologique sur les styles de minéralisations, qui s’exprime par des veines continues jusqu’à 5 km de long à 
l’intérieur ou en bordure du batholite, et par des corps minéralisés ramifiés et concordants à la stratification dans les 
séries plissées d’argilites/cornéennes ordoviciennes; (iii) des orientations constantes, notamment à l’intérieur du 
batholite, où plus de 80% des veines hydrothermales se mettent en place dans des zones de déformation cassante à 
ductile, orientées nord à nord-ouest et plongeant vers l’est, qui se sont ouvertes comme des failles inverse-
décrochantes dextres lors d’un événement compressif quasi est-ouest (ellipsoïde de déformation: Z~080°/15°, 
Y~165°/00°, X~255°/80°); (iv) un cortège de métaux, comprenant Au, Ag, As, Fe, Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W), 
et une séquence paragénétique riche en sulfure à deux stades métallifères, consistant en une paragenèse P1 à quartz 
laiteux, pyrite, arsénopyrite et ankérite, suivie d’une phase de fracturation, puis d’une paragenèse P2 à quartz bleu-
gris microgranulaire, galène, sphalérite, chalcopyrite, sulfosels d’antimoine, électrum et or natif, elle-même 
recoupée par des veinules à calcite, dolomite et quartz (P3); et, (v) une altération hydrothermale des épontes de la 
veine, qui consiste, dans les roches plutoniques, en une séricitisation intense avec un peu de chloritisation, 
carbonatisation et pyritisation en sus de la décoloration de la roche, et, dans les roches sédimentaires, en une faible 
presque invisible séricitisation et chloritisation. 
A l’instar du style structural, de la séquence paragénétique, de l’altération, et du cortège de métaux, les veines 
de Pataz présentent une homogénéité dans leurs données isotopiques à l’échelle de la province, ce qui plaide en 
faveur d’une cellule hydrothermale pluridécakilométrique. Les compositions isotopiques stables dans le fluide 
minéralisateur (P1 et P2: Df = -25 ±10‰, δ18Of = 7 ±2‰, δ13CΣC = -3 ±1‰, et δ34SΣS = 2 ±2‰) ne sont pas 
discriminantes en matière de source de fluides, et reflètent les interactions fluide-roche ayant cours le long des 
drains, avec des valeurs résultant du mélange entre les différentes lithologies traversées (batholite de Pataz, ses 
roches sources et le socle métamorphique précambrien). Les traceurs isotopiques radiogéniques indiquent qu’une 
quantité substantielle de métaux a une origine externe au pluton hôte et, qui plus est, éloignée de l’environnement 
de dépôt. Les compositions isotopiques du plomb dans les minerais (206Pb/204Pb = 18.35-18.46, 207Pb/204Pb = 15.62-
15.69, 208Pb/204Pb = 38.26-38.50) révèlent un mélange entre le plomb des roches plutoniques avoisinantes et celui 
de réservoirs profonds tels que les racines des plutons et autres roches de la croûte inférieure. Les sources 
présumées du strontium relativement radiogénique dans le fluide hydrothermal (87Sr/86Srf >0.715) sont le socle 
précambrien et, dans des proportions inconnues, des réservoirs crustaux tels que gneiss et sédiments subductés. 
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A l’échelle de la province, une séquence unique de fluides a été reconnue et trois populations d’inclusions 
fluides de nature différente ont été décrites: (1) des groupes d’inclusions pseudosecondaires précoces (antérieures à 
syn-P1) à H2O-CO2-NaCl±CH4 dans le quartz laiteux (1 à 8 % pds éq. NaCl), (2) des inclusions à H2O-NaCl liées 
au paragenèses sulfurées P1 et P2, piégées le long de traînées secondaires dans le quartz et en groupes 
pseudosecondaires dans la sphalérite, qui montrent une décroissance de leurs salinités de 15 à 5 % pds éq. NaCl, et 
(3) des inclusions tardives (post-P2) et très salines à H2O-NaCl-CaCl2 le long de fractures. La baisse des salinités et 
la chute connexe des températures d’homogénéisation (de 268 à 142°C), que l’on observe pour la seconde 
population d’inclusions, reflètent un probable mélange entre un fluide chaud à salinité modérée et un fluide dilué de 
moindre température. Les reconstructions d’isochores effectuées à partir des données d’inclusions fluides suggèrent 
qu’entre le dépôt du quartz (P1, précoce) et la précipitation de la sphalérite (P2, stade aurifère), les veines ont suivi 
un chemin de décompression, le long duquel les pressions ont diminué de ~5 kbar à moins de 1 kbar pendant que 
les températures ont baissé de ~400°C à moins de 300°C. Cette évolution P-T peut s’expliquer par des variations de 
profondeur liées à une surrection et par un refroidissement continu du système hydrothermal. 
En comparant les âges isotopiques disponibles dans la région de Pataz, la minéralisation aurifère (≥314-312 Ma) 
apparaît comme postérieure de 4 à 17 millions d’années à la mise en place de sa principale roche hôte, le batholite 
de Pataz (329 Ma). Un tel intervalle associé aux résultats des traceurs isotopiques et à la taille de la cellule 
hydrothermale permet d’écarter un lien génétique entre l’événement aurifère et les plutons de subsurface comme le 
batholite de Pataz. L’intrusion hôte et les couloirs de faiblesse le long de ses marges ont seulement offert aux 
veines épigénétiques un réceptacle structural très favorable avec des propriétés mécaniques adéquates. Le seul 
événement régional qui, à notre connaissance, coïncide avec l’âge de la minéralisation est l’exhumation temporaire, 
à la limite Mississippien-Pennsylvanien, de la marge convergente, suite à son épaississement. En conséquence, et 
en accord avec les résultats d’isotopes du plomb et du strontium, l’origine des veines à Pataz est à rechercher dans 
des processus crustaux. Aucun argument ne permet d’opter, au vu de la chimie des fluides et leurs compositions 
isotopiques, en faveur d’un modèle magmatique profond ou métamorphique pour la source des fluides profonds 
impliqués dans la genèse de ces gisements. 
Sur la base des résultats ci-joints et par comparaison avec les modèles existants, les gisements d’or de Pataz 
apparaissent comme un nouvel exemple d’une circulation fluide à grande échelle, générée en liaison avec des 
phénomènes de rééquilibrage tectoniques et thermiques consécutifs à l’épaississement d’une marge convergente. 
Sous ces conditions favorables, des fluides aquo-carboniques à moindre salinité ont été libérés de la croûte 
inférieure et ont pu commencer leur ascension le long de linéaments régionaux. A une profondeur de 16±5 km, ces 
fluides ont déposé du quartz et de l’ankérite dans des fractures secondaires inverses et d’extension en bordure du 
batholite. Des fluides modérément salins et dépourvus de CO2 ont succédé aux fluides aquo-carboniques et ont 
déchargé leur contenu en métaux dans les veines de quartz, les minéralisant de pyrite et arsénopyrite (P1). A 
moindre profondeur (environ 5 à 10 km), des eaux diluées à température plus faible et d’origine superficielle ont 
infiltré le système, et progressivement dilué et refroidi les saumures ascendantes. Ce mélange de fluides et une 
diminution de l’activité en soufre apparaissent comme les principaux mécanismes qui ont provoqué la dissociation 
du complexe Au(HS)2-, et donc son dépôt à environ 330°C (géothermométrie isotopique du soufre) sous forme d’or 
natif et d’électrum en compagnie de sphalérite et galène (P2). 
Au regard du contexte de plaques convergentes, des conditions de surrection et de l’attitude passive de la roche 
hôte, les gisements filoniens de Pataz sont dans une situation équivalente à celles d’un grand nombre de gisements 
d’or orogéniques mis en place dans des plutons. Les plus proches équivalents des gisements de Pataz sont, pour la 
période paléozoïque moyenne à supérieure, le district de St-Yrieix en France et le champ aurifère de Charters 
Towers en Australie. A l’échelle des Andes, la province de Pataz apparaît comme l’expression septentrionale des 
ceintures dévoniennes à carbonifères d’or, antimoine et tungstène orogéniques, qui s’étendent le long de la 
Cordillère Orientale et des Sierras Pampeanas jusqu’au Centre-Ouest de l’Argentine, et incluent des districts et 
gisements historiques, tels que Ananea, Santo Domingo, Yani-Aucapata, Amayapampa, Sierra de la Rinconada et 
Sierras Córdobas. 
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Resumen 
La provincia aurífera de Pataz con una extensión de 160 Km a lo largo de la Cordillera Occidental en los Andes del 
norte peruano, es conocida por sus vetas auríferas de cuarzo-sulfuros desde la época incaica (siglos XV y XVI). 
Durante los últimos 100 años, más de 16 minas subterráneas distribuidas en los distritos de Pataz, Parcoy y 
Buldibuyo han producido 6 millones de onzas de oro y se estima que los recursos ascienden a 40 millones, 
considerando la totalidad del cinturón. Estos depósitos tipo vetas, los cuales pertenecen a la clase de depósitos 
orogénicos (o mesotermales) se localizan a lo largo del margen occidental, en parte tambien oriental del Batolito de 
Pataz (edad U-Pb de la intrusión: 329 Ma, edades 40Ar/39Ar de enfriamiento: 329-328 Ma) al sur del cinturón y 
menos comúnmente en metasedimentos adyacentes del Proterozoico Superior al Ordoviciano. Las edades de 325-
322 Ma obtenidas a partir de micas de diques aplíticos representan la edad máxima de mineralización. La más 
cercana aproximación a la edad de las vetas auríferas se obtuvo a partir de medidas de 314-312 Ma 40Ar/39Ar en 
muscovita de la alteración asociada a la mineralización. 
Características recurrentes y típicas de campo incluyen las siguientes: 1) A escala regional, localización de la 
mineralización en estructuras secundarias al oeste de un lineamiento mayor de dirección NNO y su relación con las 
márgenes del batolito de la misma dirección, resultando en la concentración de las vetas en un corredor estructural 
de 1 a 3 Km de ancho. 2) A escala de la mina, un fuerte control reológico y litológico en el estilo de las vetas, que 
ocurren de modo contínuo y de hasta 5 Km de extensión, en o a lo largo de la margen del batolito, o como clavos 
ramificados y concordantes a la estratificación en hornfels y pizarras plegadas ordovícicas. 3) Dirección constante 
de las vetas, en particular aquellas emplazadas en el batolito, donde mas del 80% lo hacen con dirección nor- a 
noroeste, buzando al este y zonas de deformación de ductilidad-cizallamiento abiertas a modo de fallas dextrales 
reversas durante un evento compresional aproximadamente E-O (elipsoide de esfuerzo: Z~080°/15°, Y~165°/00°, 
X~255°/80°). 4) Una asociación metálica de Au, Ag, As, Fe, Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W) y dos estadios de 
deposición de menas ricas en sulfuros. El primero está compuesto por cuarzo lechoso, pirita, arsenopirita y ankerita 
(P1). El segundo (P2) sigue un evento de fracturación, contiene cuarzo microgranular azul grisáceo, galena, 
esfalerita, calcopirita, sulfosales de antimonio, electrum y oro nativo y está cortado por vetillas post mineral de 
calcita, dolomita y cuarzo (P3). 5) Una alteración hidrothermal de la roca de caja con sericitización pervasiva, 
cloritización menor, carbonatización y piritización, acompañada de fuerte decoloración en las rocas plutónicas y de 
una débil a casi invisible sericitización y cloritización en las rocas sedimentarias. 
Corroborando la uniformidad en el estilo estructural, secuencia de las menas, alteración y asociación metálica, 
las vetas de Pataz presentan una homogeneidad isotópica a escala de la provincia que indica un flujo de fluidos a 
escala de decenas de kilómetros. En términos de fuentes de los fluidos, las composiciones de isotópos estables de 
los fluidos mineralizantes (P1 y P2: Df = -25 ±10‰, δ18Of = 7 ±2‰, δ13CΣC = -3 ±1‰, et δ34SΣS = 2 ±2‰) no son 
diagnósticas y reflejan interacciones fluido-roca con valores que resultan de una mezcla de las litologías 
intersectadas (Batolito de Pataz, sus rocas raices profundas y el basamento metamórfico precambriano). Los 
trazadores isotópicos radiogénicos resaltan una contribución metálica sustancial externa al plutón encajonante, 
remota del ambiente deposicional. Las composiciones de isótopos de plomo (206Pb/204Pb = 18.35-18.46, 207Pb/204Pb 
= 15.62-15.69, 208Pb/204Pb = 38.26-38.50) revelan una mezcla de plomo de rocas plutónicas calcoalcalinas 
inmediatas y reservorios profundos, como las raices plutónicas y otras rocas crustales inferiores. Probablemente, las 
fuentes del estroncio bastante radiogénico en el fluido hidrotermal (87Sr/86Srf >0.715) son el basamento 
precambriano y, en proporciones desconocidas, fuentes crustales como gneises o sedimentos subducidos. 
Se ha reconocido la misma secuencia de fluidos a la escala de la provincia con tres populaciones de inclusiones 
fluidas distintas: (1) grupos de inclusiones seudo-secundarias precoces (anteriores a syn-P1) con H2O-CO2-
NaCl±CH4 en cuarzo lechoso (1 à 8 % p. eq. NaCl), (2) inclusiones con H2O-NaCl ligadas a las paragénesis 
sulfuradas P1 et P2, entrampadas a lo largo de planos secundarios en cuarzo y en grupos de inclusiones seudo-
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secundarias en esfalerita, que muestran un decrecimiento de la salinidad de 15 a 5 % p. eq. NaCl, y (3) inclusiones 
tardías (post-P2) y muy salinas con H2O-NaCl-CaCl2 a lo largo de fracturas. El descenso de la salinidad y de 
temperaturas de homogeneización (de 268 a 142°C) que se observa en la segunda populación de inclusiones, refleja 
una probable mezcla entre un fluido caliente de salinidad moderada y un fluido diluido de menor temperatura. 
Líneas isocoras calculadas a partir de los datos de inclusiones fluidas sugieren que entre la precipitación del cuarzo 
(P1, precoz) y la precipitación de la esfalerita (P2, estadio aurífero), las vetas han seguido un camino de 
decompresión, a lo largo del cual las presiones han disminuido desde unos 5 kbar a menos de 1 kbar, mientras que 
las temperaturas han bajado desde unos 400°C a menos de 300°C. Esta evolución de P-T puede explicarse por 
variaciones de profundidad ligadas a una surrección y un enfriamiento continuo del sistema hidrotermal. 
La combinación de las edades isotópicas disponibles en el area de Pataz sugiere que la mineralización de oro 
(≥314-312 Ma) postdata en 4 a 17 Ma el emplazamiento del Batolito de Pataz, su principal roca de caja (329 Ma). 
Tal lapso de tiempo, apoyado por los resultados de isótopos radiogénicos trazadores y el tamaño del sistema 
hidrotermal, lleva a descartar un vínculo genético entre las vetas de oro y los plutones relativamente someros como 
el Batolito de Pataz. La intrusión caja y los corredores de debilidad a lo largo de sus márgenes constituyeron sólo 
una trampa estructural con propiedades mecánicas adecuadas. A nuestro conocimiento, el único evento regional 
que coincide con la edad de la mineralización es el levantamiento moméntaneo del margen convergente en el límite 
Mississipiano-Pensylvaniano consecutivo a su engrosamiento. En consecuencia y de acuerdo con los resultados de 
los isótopos de plomo y estroncio, el origen de las vetas de Pataz tiene que verse como resultado de procesos 
asentados en profundidad. No hay un argumento claro para favorecer, dada la química del fluido y la composición 
isotópica, un modelo magmático o uno metamórfico para los fluidos de fuente profunda involucrados en la 
generación de estos depósitos. 
Sobre la base de los resultados del presente trabajo, y tomando en consideración los modelos existentes en otras 
partes del mundo, los yacimientos de oro de Pataz constituyen un nuevo ejemplo de circulación de fluidos a gran 
escala generada por fenómenos de reequilibrio tectónico y térmico como consecuencia de un engrosamiento 
cortical en un margen convergente. Bajo estas condiciones favorables los fluidos acuoso-carbónicos de salinidad 
menor habrían sido liberados de la corteza inferior y habrían ascendido siguiendo lineamientos regionales. A una 
profundidad de 16±5 km estos fluidos depositaron cuarzo y ankerita, especialmente en fracturas inversas de 
segundo orden así como en fallas de extensión al borde del batolito. Fluidos moderadamento salinos y sin CO2 
siguieron a los fluidos acuoso-carbónicos y descargaron su contenido en metal en las vetas de cuarzo produciendo 
la mineralización de pirita y arsenopirita (P1). A menor profundidad (unos 5 a 10 Km), fluidos acuosos diluidos a 
temperatura más baja y de origen superficial han infiltrado el sistema y progresivamente han diluido y enfriado los 
fluidos salinos ascendientes. La mezcla de fluidos y una disminución de la actividad del azufre son probablemente 
los mecanismos que han provocado la disociación del complejo Au(HS)2- y su precipitación a unos 330°C 
(geotermometría isotópica de azufre) bajo la forma de oro nativo y electrum junto a esfalerita y galena (P2). 
Considerando la situación de convergencia de placas, de exhumación y del rol pasivo de la roca encajonante, los 
yacimientos vetiformes de Pataz presentan paralelismos con un gran número de yacimientos de tipo orogénico 
emplazados en plutones. Los equivalentes más próximos son, para el Paleozoico medio y superior, los distritos de 
St. Yrieix en Francia y de Charters Towers en Australia. En los Andes, la provincia de Pataz es la expresión 
septentrional de los cinturones de edad devoniana a carbonífera de oro, antimonio y tungsteno de tipo orogénico, 
que se extienden a lo largo de la Cordillera Oriental y las Sierras Pampeanas hasta la parte centro-occidental de 
Argentina, y que incluyen los distritos y yacimientos históricos como Ananea, Santo Domingo, Yani-Aucapata, 
Amayapampa, Sierra de la Rinconada y Sierras Córdobas. 
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Avant-propos 
Ce travail de doctorat, qui a pour thème les gisements d’or de Pataz au Pérou, s’inscrit dans le cadre des activités 
du groupe de recherche sur les gîtes métallifères des Andes, groupe sous la responsabilité du Prof. Lluís Fontboté et 
du Dr Robert Moritz. Ce projet est le fruit d’une coopération initiée en automne 1995 sous l’impulsion du Prof. 
Lluís Fontboté et de l’Ing. Walter Sologuren entre le Département de Minéralogie de l’Université de Genève et 
l’entreprise Cía Minera Poderosa S.A., Lima, Pérou. Il a été soutenu par des fonds privés de la compagnie minière 
ainsi que par des bourses du Fonds National Suisse de la Recherche Scientifique (projets Nos. 20-47260.96 et 20-
54150.98). 
Le présent mémoire retrace cinq années de recherche sur les gisements de Pataz, et présente les résultats de deux 
campagnes de terrain, effectuées au cours de 1996 et 1998, et de travaux de laboratoire réalisés dans les Universités 
de Genève et Lausanne. Les objectifs principaux de ce projet étaient de comprendre, à l’aide de levés de géologie 
structurale et de géochimie isotopique, les relations géométriques et chronologiques entre la minéralisation et son 
encaissant, d’intégrer le gîte dans un cadre régional, et de proposer un modèle génétique pour sa formation. Le 
manuscrit est construit sous forme d’articles écrits en anglais, en voie de publication ou destinés à être publiés. Ils 
sont précédés d’une introduction générale écrite en français, qui récapitule les points principaux développés au 
cours de la recherche. 
Le premier des cinq articles (chapitre 1) est consacré à la géologie régionale, et inclut une description 
approfondie de la région de Pataz et une réinterprétation du bâti de la Cordillère Orientale des Andes. Il se conclut 
par la présentation d’un modèle géotectonique inédit, essayant de retracer l’évolution de la marge centre-nord 
péruvienne au Paléozoïque. S’ensuivent trois articles dédiés à la compréhension des gisements d’or de Pataz. Le 
premier (chapitre 2), sur la base de datations 40Ar/39Ar, traite des relations chronologiques entre la minéralisation et 
son encaissant granitique. Le second, papier central de la thèse (chapitre 3), décrit en détail le gîte d’un point de 
vue structural, minéralogique et géochimique, avec l’aide de documents cartographiques et photographiques. En 
relation avec le contexte régional, un modèle structural ainsi qu’un scénario pour la formation de la minéralisation 
sont proposés en conclusion. Le thème général du quatrième article (chapitre 4) est l'investigation de la géochimie 
des fluides, de la source des métaux et de leur rôle dans la formation du gisement de Pataz avec l’élaboration d’un 
modèle génétique. Enfin, le dernier article (chapitre 5) offre une synthèse des gisements d’or dits de type 
orogéniques (mésothermaux) dans les Andes centrales. 
 
Résumé 
 
Introduction 
Cette première partie offre un résumé étendu1 des 
principaux thèmes développés lors de l’étude des 
veines de quartz aurifères de Pataz, province minière 
située au cœur des Andes centre-nord péruviennes sur 
le versant est de la Vallée du Marañón. Après un bref 
historique des travaux réalisés dans les districts de 
Pataz et Parcoy, je présenterai le cadre géologique 
ainsi qu’un aperçu métallogénique de cette région 
aurifère. Les gisements d’or seront abordés sous 
différents angles, avec en prélude une analyse 
structurale approfondie, finalisée par l’élaboration d’un 
ellipsoïde de déformation pour le district de Pataz. La 
description du gisement se poursuit par l’étude des 
paragenèses et altérations, et traite en particulier des 
relations texturales de l’or avec les sulfures et 
minéraux de gangue. S’ensuivent plusieurs sections 
consacrées aux techniques analytiques, à leurs résultats 
et interprétations. Dans un premier temps, le minerai a 
été analysé pour ses teneurs en métaux afin de 
déterminer sa typologie, et l’altération hydrothermale a 
été datée par la méthode 40Ar-39Ar. Puis, dans l’optique 
de mieux cerner la ou les source(s) des métaux et 
fluides, et les conditions physico-chimiques de la 
précipitation de l’or, je donnerai une vue d’ensemble 
des résultats des analyses d’isotopes stables (H, C, O, 
S) et radiogéniques (Pb, Sr) obtenues sur les veines, 
altérations et roches avoisinantes, et des mesures 
microthermométriques effectuées sur des inclusions 
fluides. En guise de synthèse, une discussion sur les 
relations entre les veines et le batholite est présentée et 
un modèle génétique, basé sur l’ensemble des 
observations de terrains et des données analytiques, est 
proposé pour la formation des veines d’or de Pataz. 
En encart sont résumés deux thèmes abordés dans 
une perspective plus régionale. Le premier résumé 
présente les grands traits de l’évolution de la marge 
centre-nord péruvienne au Paléozoïque ainsi que le 
cadre géodynamique lors de la minéralisation aurifère 
(Encart 1, p. 4). La seconde étude, basée sur un recueil 
                                                          
1 Ce résumé étendu a été écrit en français conformément aux 
instructions pour les publications de thèse de la Faculté des 
Sciences de l’Université de Genève. 
des occurrences et districts miniers analogues à la 
province de Pataz à l’échelle des Andes Centrales, a 
mis à jour une ceinture de gisements orogéniques à or-
antimoine-tungstène encore méconnue et avec un réel 
potentiel d’exploration, s’étendant du Nord Pérou au 
Centre-Ouest de l’Argentine (Encart 2, p. 14). 
Par souci de clarté, j’ai adopté dans ce résumé le 
terme unique de gisements d’or orogéniques comme il 
est défini dans le papier de Groves et al. (1998), en lieu 
et place de termes tels que or mésothermal, or lié à des 
zones de cisaillements ou encore or filonien et leurs 
équivalents en anglais. 
Historique des travaux 
La plupart des études géologiques entreprises dans la 
région de Pataz avaient comme principal objectif la 
description et la compréhension des minéralisations 
d'or. La première mention écrite indiquant la présence 
de veines aurifères dans la région date de la deuxième 
partie du 18ème siècle, mais plusieurs études historiques 
placent leur découverte à l’époque inca (15-16ème 
siècles) voire pré-inca. Parmi les pionniers, de Lucio 
(1905), dans un travail descriptif, a mis en avant le 
potentiel économique de la région, et Tarnawiecki 
(1929) a présenté un inventaire des indices et des 
critères de faisabilité pour une exploitation minière, 
tout en proposant une première idée génétique, liant la 
formation de la minéralisation aurifère à la mise en 
place de porphyres tertiaires recoupant le batholite de 
Pataz. Dans les années soixante, Wilson et Reyes 
(1964) et Wilson et al. (1967) ont établi les cartes 
géologiques des régions de Pataz et de Buldibuyo. Ces 
travaux incluent des colonnes lithostratigraphiques 
détaillées des unités mésozoïques, quelques descrip-
tions sommaires des séries paléozoïques et une brève 
documentation métallogénique. 
Deux décennies plus tard, suite à la reprise d’une 
activité minière industrielle, Lochmann (1985), Schrei-
ber (1989) et Schreiber et al. (1990) ont révisé la carte 
géologique régionale, et conduit des études détaillées 
sur les gisements des zones de Pataz et de Parcoy, 
décrivant leur cadre structural, les paragenèses métal-
liques et les altérations, ainsi que la pétrographie et la 
2 
géochimie de leur principale roche hôte, le batholite de 
Pataz. Sur la base des données d'inclusion fluides, 
Schreiber et al. (1990) présentent les veines aurifères 
comme temporellement et génétiquement liées à 
l’étape de refroidissement du batholite de Pataz. Dans 
leur modèle métallogénique, ils proposent que l’or ait 
été lessivé de roches précambriennes et paléozoïques 
sous-jacentes par un système convectif de circulation 
fluide centré autour du batholite. 
Plus au sud, dans le district de Parcoy, Vidal et al. 
(1995), puis Macfarlane et al. (1999) ont décrit la 
nature des veines aurifères, daté l’altération, et exa-
miné les sources possibles des métaux en comparant 
les données isotopiques de plomb et de néodyme des 
veines avec celles des roches avoisinantes. Selon leurs 
âges isotopiques, la minéralisation (K-Ar sur musco-
vite: 286 Ma) est sensiblement plus jeune que la mise 
en place du batholite de Pataz (U-Pb sur zircon: 329 
Ma), et n’est donc pas liée génétiquement au 
refroidissement de sa principale roche hôte, comme 
précédemment proposé. Macfarlane et al. (1999) 
mentionnent également que les veines de Parcoy 
présentent de fortes similitudes avec les gisements d’or 
orogéniques de Californie et d’Australie. Toutefois, ils 
proposent à nouveau un modèle génétique orthoma-
gmatique, reliant la formation des veines à la mise en 
place de stocks intrusifs tardifs et non datés, qui 
pourraient correspondre aux porphyres monzonitiques 
recoupant le batholite de Pataz. 
Cadre géologique régional 
La province aurifère de Pataz appartient d’un point de 
vue tectonique et géographique à la Cordillère 
Orientale des Andes. Dans la région étudiée, la 
géologie de cette cordillère se caractérise par un socle 
métamorphique infra-silurien et des plutons calco-
alcalins carbonifères inférieurs; le tout est recouvert en 
discordance par des roches volcaniques d’âge miocène 
à pliocène (Fig. 1.2).2 Le socle infra-silurien comprend 
les trois unités suivantes: (i) une séquence fortement 
déformée de phyllites, le complexe du Marañón sensu 
stricto, (ii) une unité intermédiaire de roches volcano-
clastiques, localement appelée formation Vijus, et (iii) 
une séquence sommitale de turbidites, corrélable avec 
la formation Contaya (Tab. 1.1, Fig. 1.3). Le complexe 
du Marañón sensu stricto est situé dans la continuation 
des paraschistes et paragneiss d’âge proterozoïque 
supérieur à cambrien inférieur, affleurant entre 9°45’ 
et 13°S dans le Centre du Pérou (Dalmayrac et al., 
1980). A Pataz, il est représenté par environ 1000 m de 
phyllites grises intercalées de schistes micacés et 
graphiteux, ayant subi un métamorphisme schiste vert 
à amphibolite inférieur et plusieurs épisodes de 
déformation lors de l’orogenèse brasilide (Schreiber, 
1989). Ce complexe polymétamorphique est recouvert 
en discordance par la formation Vijus, une séquence 
d’arrière arc. Cette formation se compose de grès 
couleur lie-de-vin, surmontés d’intercalations d’ignim-
brites de composition rhyolitique à dacitique, de fins 
niveaux d’argilites noires et de laves andésitiques à 
basaltiques. Vu l’absence de fossiles, il n’est pas 
possible d’attribuer un âge précis à cette formation, et 
seul un intervalle entre le Cambrien moyen et 
l’Ordovicien inférieur peut être préconisé. Cette série 
volcano-sédimentaire est recouverte à son tour par 
l’Arénigien de la formation Contaya, qui se compose 
de quartzites massives, de grès noirs, et d’argilites 
grises. La partie supérieure de cette formation est 
formée de cycles turbiditiques, qui renferment des lits 
d’argilites noires riches en graptolites d’âge 
llandvirnien (Wilson et Reyes, 1964), des niveaux de 
grès et quelques bancs de quartzites. Cette sédimen-
tation profonde cesse à la fin de l’Ordovicien lors de la 
fermeture du bassin d’arrière-arc, et fait place à une 
lacune stratigraphique qui durera jusqu’au tardi-
Dévonien. Dans l’intervalle, les unités paléozoïques 
inférieures subissent deux phases de plissements avec 
un faible métamorphisme régional, la première à la 
limite Ordovicien-Silurien, et la seconde au cours du 
Dévonien terminal. 
                                                          
2 Figures, tableaux et annexes cités dans le résumé sont inclus 
dans les chapitres en anglais. La nomenclature usitée s’explique 
comme suit: Fig. 1.2 = Figure 2 du chapitre 1. 
Le batholite de Pataz, principal encaissant des 
veines aurifères, fait partie d’une ceinture géante 
d’intrusions, qui s’étend de 6° à 11°30’S le long de la 
Cordillère Orientale (Laubacher et Mégard, 1985). Ce 
magmatisme calco-alcalin se mets en place dans le 
socle infra-silurien à proximité de fractures orientées 
NNO-SSE (Fig. 1.2). A Pataz, les petites apophyses 
dioritiques à tonalitiques en marge du batholite 
représentent les premières phases intrusives. La 
composante principale du batholite est une granodio-
rite peu grenue, qui vers le centre passe graduellement 
ou est en contact franc avec un monzogranite à grain 
grossier. Les faciès granodioritiques et monzogra-
nitiques renferment de nombreuses enclaves de micro-
diorite et des xénolites du soubassement. Des dykes et 
stocks felsiques à caractère peralumineux, et des 
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lamprophyres, témoins d’une activité hypabyssale, 
recoupent les granitoïdes. Le magmatisme peralu-
mineux est présent dans la partie apicale du batholite 
sous forme de dykes aplitiques ou comme petits stocks 
de granite rose avec des cœurs pegmatitiques; les rares 
filons de lamprophyres sont plus tardifs et n’ont été 
observés que le long de quelques veines aurifères. 
Vidal et al. (1995) ont mesuré un âge U-Pb de 329 Ma 
sur une granodiorite près de Parcoy. Dans la région de 
Pataz, la datation par 40Ar-39Ar de biotites provenant 
de diorites et granodiorites a donné deux âges 40Ar-
39Ar à 329.2 ±1.4 et 328.1 ±1.2 Ma, qui sont cohérents 
avec l’âge U-Pb susmentionné (Tab. 2.2, Fig. 2.3). Les 
dykes aplitiques ont été datés à 322.1 ±2.8 Ma sur 
muscovite et à 325.4 ±1.4 Ma sur biotite. Les stocks 
porphyriques monzonitiques qui recoupent le batholite 
de Pataz ainsi qu’une partie des unités mésozoïques, 
font partie d’un événement magmatique distinct, qui, 
sur la base de critères de terrain, a été relativement 
daté au Crétacé. 
Dans la région de Pataz, les unités permo-
carbonifères et les séries mésozoïques affleurent à 
l’ouest de la Cordillère Orientale dans les fosses 
tectoniques situées le long de la Vallée du Marañón et 
de celle qui mène à Parcoy (Fig. 1.2; Wilson et Reyes, 
1964; Schreiber, 1989; Vidal et al., 1995). Au cours du 
Mississippien, peu après la mise en place des plutons 
calco-alcalins, d’épaisses molasses (groupe Ambo) se 
déposent dans des bassins s’ouvrant en transtension 
(Fig. 1.3); cette sédimentation s’accompagne d’une 
activité basaltique et gabbroïque et d’importants 
mouvements isostatiques, qui ont conduit à une 
exhumation de la marge à la limite Mississippien-
Pennsylvanien. Dans la colonne stratigraphique, ces 
mouvements sont indiqués par la présence de clastes 
granitiques dans les séquences mississippiennes, suite 
à la dénudation du batholite, l’absence de sédi-
mentation au Pennsylvanien inférieur, et le soudain 
développement d’une plate-forme carbonatée (groupe 
Copacabana) au Pennsylvanien supérieur. Au Permien 
moyen, la Cordillère Orientale subit un changement 
paléogéographique drastique, avec l’ouverture de rifts 
en position d’arrière-arc. Ce contexte de horsts et 
grabens, avec une sédimentation conglomératique 
(groupe Mitu) perdure jusqu’au début du Trias (Noble 
et al., 1978; Kontak et al., 1985; Carlotto, 1998) et 
préfigure l’organisation des bassins andins, qui sera 
dictée par le haut-fonds formé par le Géoanticlinal du 
Marañón (Benavides, 1999; Jaillard et al., 2000). En 
conséquence, la colonne lithostratigraphique méso-
zoïque à cénozoïque se caractérise par d’importantes 
lacunes érosionelles (Wilson et Reyes, 1964; Wilson et 
al, 1967; Schreiber, 1989; Vidal et al., 1995). Elle 
comprend uniquement des calcaires et dolomies d’âge 
triasique supérieur à jurassique inférieur (groupe 
Pucará), des grès grisâtres du Néocomien (groupe 
Goyllarisquizga), et des marnes et calcaires de l’Albien 
moyen (formation Crisnejas, Fig. 1.2). Les unités 
mésozoïques et les molasses paléozoïques ont été 
chevauchées et plissées lors de la phase péruvienne de 
l’orogène andine au Crétacé terminal (Mégard, 1984). 
Elles sont recouvertes en discordance angulaire par les 
couches rouges crétacées supérieures à éocènes de la 
formation Chota. L’ensemble de la couverture andine, 
y compris la formation Chota, subit ultérieurement un 
plissement de faible amplitude et un fort écaillage au 
cours de la phase incaïque de l’orogène andine à la 
limite Eocène-Oligocène (Janjou et al., 1981; Mégard, 
1984), et une tectonique d’extension au Miocène, 
responsable de la formation des fosses du Marañón 
(Schreiber, 1989). L’évolution andine se clôt par deux 
événements magmatiques d’âge miocène à pliocène: 
l’injection de petits corps dioritiques et la mise en 
place d’édifices volcaniques (formation Lavasén) dans 
la partie sommitale de la Cordillère Orientale. 
Metallogénie 
Les gisements d’or orogéniques de la province de 
Pataz (7°20’-8°10’S, 77°20’-77°50’O) forment une 
ceinture minéralisée de 160 km de long et de 1 à 3 km 
de large, qui s’étend d’abord le long de la Vallée du 
Marañón de Bolívar à Pataz, puis s’incurve au sud-est 
vers les districts de Parcoy et Buldibuyo (Fig. 3.1). Ces 
minéralisations aurifères apparaissent sous forme de 
systèmes de veines parallèles, longues de 1 à 5 km, 
encaissées en bordure et au contact du batholite de 
Pataz, et accessoirement comme petites veines 
ramifiées et concordantes à la stratification dans les 
unités de turbidites et phyllites avoisinantes. Une 
prolongation septentrionale de cette ceinture est 
envisageable jusqu'à Balsas (6°50’S, 78°O), où des 
indices aurifères sous forme de veines ont également 
été décrits (Sánchez, 1995). 
Lors des périodes d’activités minières, c’est-à-dire 
de 1925 à 1960 et de 1980 à ce jour, une quinzaine de 
gisements souterrains, répartis sur l’ensemble de la 
province de Pataz (Tab. 3.1, Fig. 3.1) ont produit un 
total de 6 millions d’onces d’or. De cette quantité, 38% 
provient du district de Pataz, 55% de celui de Parcoy et 
7% de celui de Buldibuyo. En 2000, la production
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Encart 1 
Evolution géodynamique de la marge centre-nord péruvienne durant le Paléozoïque 
Les levés géologiques et les analyses géochimiques et géochronologiques réalisés dans la région de Pataz ont permis 
d’élaborer, en usant de comparaisons ponctuelles avec des séquences paléozoïques décrites dans les Andes centrales, 
un nouveau modèle géodynamique pour l’évolution paléozoïque du Centre-Nord Pérou, un secteur de la marge proto-
andine souvent négligé dans les scénarios existants. Dans ces grandes lignes, notre modèle s’inspire de la 
reconstruction proposée pour le Nord-Ouest de l’Argentine et le Nord du Chili par Bahlburg et Hervé (1997). Ces 
auteurs envisagent pour cette région une situation d'arrière-arc avec océanisation partielle au Cambro-Ordovicien, 
suivie à la limite siluro-ordovicienne de l’accrétion de microcontinents sur le bouclier amazonien, et au tardi-Dévonien 
du détachement d'une partie du microcontinent d’Arequipa-Antofalla suite à un épisode de rifting. 
Selon un scénario comparable (Figs 1.6 et 1.7), la Cordillère Orientale du Centre-Nord du Pérou, initialement en 
position d’arrière-arc au Paléozoïque inférieur, apparaît comme une partie relique d'une chaîne orogénique siluro-
ordovicienne dont ne subsisterait que les massifs externes peu déformés. L’histoire post-collisionelle de cette chaîne  
est très énigmatique, car il n’y a, dans la région étudiée, pas d’enregistrement sédimentaire préservé ni de magmatisme 
décrit durant le Silurien et le Dévonien. Dans ces conditions, il est probable que la marge, quelle que soit sa nature, 
était à cette période située très au large de la Cordillère Orientale. Au Mississippien, un abondant plutonisme calco-
alcalin s’installe le long de la Cordillère Orientale, donnant naissance au batholite de Pataz, et dans la continuation, des 
bassins s’ouvrent en transtension à l’ouest de la ceinture d’intrusions. Ces deux événements, bien que situés loin de la 
fosse de subduction, semblent liés à l’évolution d’une marge convergence et plus particulièrement à un stade 
d’exhumation. Un tel contexte de surrection est propice à la formation de gisements d'or orogéniques, comme l’atteste 
la ceinture aurifère de Pataz datée à ~314 Ma. Vers la fin du Pennsylvanien se produit un changement drastique de la 
paléogéographie et des contraintes tectoniques. La marge active et le régime de transtension qui prévalaient au 
Mississippien évoluent en un contexte d’extension pur, avec d’abord une subsidence de la marge puis l’ouverture de 
rifts intracontinentaux. Cette tectonique d’extension et la topographie en horst et graben qui l’accompagne 
caractérisent tout le Permo-Trias. Ce n’est qu’au Sinémurien terminal qu’apparaissent sans équivoque les indices d’un 
nouvel arc magmatique (Dalmayrac et al., 1980; Jaillard et al., 2001). Dès lors, la marge centre-nord péruvienne se 
comporte strictement en marge convergente. Le modelé andin actuel s’y édifiera peu à peu en s’appuyant sur les 
structures héritées de la tectonique paléozoïque. 
La partie interne de la chaîne siluro-ordovicienne et le prolongement septentrional du microcontinent d’Arequipa-
Antofalla se seraient détachés de la marge proto-andine à partir du Mississippien lors de la phase de transtension et au 
cours du Permo-Trias à la suite de l’épisode de rifting, la rupture définitive n’intervenant peut-être que dans un stade 
ultérieur au Trias voire au Jurassique (Dalmayrac et al., 1980). Ces terres auraient migré en tant qu’un ou plusieurs 
microcontinent(s) jusqu’au niveau de l’Amérique Centrale, où des blocs continentaux avec des séries d’arc et d’avant-
arc (par exemple Oaxaca-Acátlan, Ortega-Gutiérrez et al., 1999), de la nature et de l’âge de celles qui font défaut dans 
l’enregistrement géologique paléozoïque du Centre-Nord Pérou, ont été reconnus. Ces mouvements tectoniques 
conduisant à la séparation de microcontinents ont laissé sous la Cordillère Occidentale actuelle un domaine dénué de 
soubassement protérozoïque (Fig. 1.8). Ce modèle est confirmé d’une part par l’absence d’une composante fortement 
radiogénique dans les compositions isotopiques du strontium et du plomb du batholite côtier entre Pisco et Chimbote 
(Beckinsale et al., 1985; Mukasa et Tilton, 1985; Soler et Rotach-Toulhoat, 1990; Macfarlane et al., 1990), et d’autre 
part par l’absence d’âges U-Pb protérozoïques hérités dans les zircons extraits de ces intrusions (Mukasa, 1986). 
De ce scénario géodynamique, les trois considérations suivantes doivent être prises en compte, car elles diffèrent 
des interprétations existantes: 
(1) La Cordillère Orientale du Centre-Nord du Pérou apparaît comme un équivalent septentrional de la chaîne 
famantienne du Nord de l’Argentine plutôt qu’une prolongation de la Cordillère Orientale du Sud-Est du 
Pérou. 
(2) La Cordillère Occidentale péruvienne, entre Pisco et Chimbote, ne recouvrirait pas un craton protérozoïque 
mais une croûte océanique post-dévonienne. 
(3) Le microcontinent Oaxaca-Acatlán, situé au Sud-Ouest du Mexique fait probablement partie des blocs 
continentaux qui se sont détachés de la marge centre-nord péruvienne suite à une phase de transtension au 
Mississippien puis à un épisode de rifting au Permo-Trias. 
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annuelle de la province, en incluant les mines 
artisanales, s’élevait à 380'000 onces et représentait 
environ 9% de l’or produit au Pérou. Les teneurs des 
corps exploités varient entre 7 et 15 g/t d’or avec des 
pointes jusqu’à 120 g/t d’or. Une estimation 
préliminaire des ressources en or de la province donne 
un minimum de 40 millions d’onces. 
En sus de l’exploitation de l’or à partir des veines 
de quartz, de l’or secondaire, provenant de l’érosion 
des veines (~60 onces/an), est récupéré artisanalement 
des placers situés le long du Marañón et de ses 
affluents. Le long de la cordillère, il existe également 
des gîtes d’or non-économiques, sous forme de skarn 
(La Estrella) ou de veines épithermales (formation 
Lavasén), qui sont liés à des intrusions et édifices 
volcaniques cénozoïques (Schreiber, 1989; Angeles, 
1994). Enfin, dans le district de Parcoy, des anomalies 
en or ont été récemment découvertes en relation avec 
des minéralisations de type stockwerk, qui se sont 
mises en place avec les porphyres monzonitiques 
crétacés (A. Miranda, comm. orale). 
Cadre structural des minéralisations 
Les gisements d’or orogéniques de Pataz3 sont 
contrôlés structuralement de l’échelle de la province à 
celle de l’échantillon. Régionalement, les veines 
occupent des fractures de second à troisième ordre sur 
la bordure est d’un grand linéament, et se mettent en 
place à l’intérieur d’un couloir large de 1 à 3 km 
correspondant à la marge occidentale et subsidiai-
rement orientale du batholite de Pataz au contact avec 
les phyllites du complexe du Marañón et les turbidites 
de la formation Contaya (Figs. 3.1 à 3.3). L’ensemble 
des failles d’orientation NNO-SSE, affleurant de 
Llaupuy à Huaylillas et situées quelques kilomètres à 
l’ouest du batholite et des gisements d’or apparaît 
comme l’expression superficielle de ce linéament (Fig. 
3.1). Lors de l’événement minéralisateur, cette 
structure lithosphérique a probablement fonctionné 
comme drain et permis l’ascension des fluides 
hydrothermaux. 
                                                          
3 Les sites clés de ce travail sont les mines du district de Pataz, 
à savoir La Lima, Papagayo, El Tingo, Consuelo et Santa Maria 
(Figs. 3.1 et 3.2), qui sont propriétés de Cía Minera Poderosa 
S.A. La mine de Culebrillas au nord du district de Parcoy, qui 
appartient à Cía Aurífera Real Aventura S.A., a été utilisée 
comme point de comparaison. Les principales veines étudiées 
sont décrites dans l’Annnexe 3.1. 
Les orientations et styles de la minéralisation 
aurifère à Pataz sont contrôlés par le champ de 
déformation régional, la rhéologie de la roche hôte et 
la présence de discontinuités, telles que failles inver-
ses, contacts lithologiques, dykes et stratifications. Les 
sites minéralisés présentent des géométries très 
diverses, allant de morphologies et orientations très 
régulières dans une roche homogène et compétente 
comme un granite, à des comportements très désordon-
nés dans des roches anisotropes comme les séries tur-
biditiques. Les veines minéralisées sont localisées dans 
les sites suivants, par ordre décroissant d'importance 
économique: (i) le long de zones de cisaillement nord-
sud à pendage est, (ii) dans des fentes de tension, (iii) 
parallèlement à la stratification dans les unités méta-
sédimentaires, et (iv) le long de failles verticales est-
ouest (Tab. 3.2, Figs. 3.3 à 3.6). 
(i) Veines dans les zones de cisaillement 
Dans le district de Pataz, les minéralisations se mettent 
en place principalement en tant qu’une ou plusieurs 
veines de quartz parallèles dans des fractures inverses 
orientées N-S à NNO-SSE plongeant de 30 à 60° vers 
l’est (Fig. 3.3). Macfarlane et al. (1999) a observé des 
orientations similaires pour les gisements du district de 
Parcoy, avec toutefois la présence de veines conju-
guées à pendage ouest (Fig. 3.6b). Dans le district du 
Pataz, ce type de minéralisation (ex.: veines La Lima 1 
et 2, Karola, Choloque, Luz, Pencas piso et Consuelo, 
Tab. 3.2) représente plus de 50% de l’or produit et 
dans le district de Parcoy quasi 90%. 
La plupart de ces veines s’insèrent en bordure du 
batholite de Pataz; quelques-unes sont encaissées dans 
les cornéennes avoisinantes. Enfin, plusieurs veines, 
d’importance économique majeure, sont intercalées le 
long de contacts lithologiques favorablement orientés, 
tels les contacts entre le granite et la cornéenne, et le 
long de dykes aplitiques (veine La Lima 2) ou de 
filons de lamprophyre (veine Consuelo). A Pataz, les 
veines dans les zones de cisaillement ont une épaisseur 
qui varie de quelques centimètres à plus de 8 mètres, 
avec localement des zones de dilation richement miné-
ralisées en forme de sigmoïdes. L’extension de ces 
veines peut atteindre en cumulant leurs segments 
décalés jusqu'à 5 km en longueur, et jusqu’à 2 km le 
long de leur pendage. Ces veines restent ouvertes en 
profondeur. 
Les variations, même infimes, de composition 
minéralogique, granulométrie et géochimie des diffé-
rentes roches plutoniques ont une influence considé-
rable sur le comportement mécanique de la roche hôte, 
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et donc sur la géométrie des minéralisations (Figs. 3.4 
et 3.7). Dans une roche fortement isotrope et compé-
tente, telle qu’un granite ou une diorite, un cisaille-
ment se développe le long d’un plan unique et régulier. 
Lorsque ce type de fracture est minéralisé, il sera 
principalement rempli par une veine de quartz massive, 
rubanée et peu bréchifiée, présentant un contact 
tranchant avec les épontes, avec au toit, une bande de 
cisaillement et au mur, quelques veinules de Riedel et 
fentes de tension (Fig. 3.7a,b). A l’opposé, une fracture 
dans un monzogranite se réalisera, en raison de 
l’anisotropie préexistante due à la taille grossière des 
minéraux et à l’abondance de feldspath potassique en 
voie de séricitisation, le long de fractures sans 
cohésion. Ainsi, les structures minéralisées dans les 
monzogranites sont généralement d’épaisses zones de 
broyage riche en muscovite et peu aurifère (3-10 g/t 
Au) contenant des lambeaux de quartz, fragments 
d’épontes et petites lentilles de sulfures cisaillés (veine 
Picaflor, Fig. 3.7c). Comme exemple de veine insérée 
le long d’un filon de lamprophyre, la veine Consuelo 
présente en section une bande de cisaillement au toit, 
une veine massive à quartz-sulfure au centre et une 
bréchification hydraulique sur une épaisseur d’environ 
deux mètres au mur. 
(ii) Veines dans les fentes de tension 
Les veines dans les fentes de tension se rencontrent le 
plus souvent sous forme de relais entre les veines dans 
les zones de cisaillement appartenant au premier 
système ou entre les failles verticales est-ouest (ex.: 
veines Inca et Mercedes, Tab. 3.2). Economiquement, 
la seule veine Mercedes représente quasi 40% de l’or 
produit à ce jour dans le district de Pataz. Les 
principales caractéristiques de ces veines d’extension, 
qui, pour la plupart, remplissent des fractures 
horizontales fortement ondulées, sont (i) une abon-
dance de fragments d’épontes altérés en inclusion dans 
la veine, et (ii) la présence de textures rubanées for-
mées par les cristaux de pyrite, quartz et/ou ankérite, 
indiquant des épisodes d’ouverture et de remplissage 
multiples sous un régime pulsé. Toutefois, un examen 
plus approfondi des microstructures et textures de la 
veine Mercedes (Fig. 3.5b) montre qu’elle ne se 
résume pas à une simple veine d’extension et que son 
comportement évolue en fonction de son pendage, de 
ductile-cassant dans la partie supérieure de la mine, où 
les pendages sont modérés (φ = 20-40°), à purement 
cassant dans la partie basse de la mine, où la veine 
s’aplanit (φ < 20°). 
(iii) Veines concordantes à la stratification 
Dans les séries turbiditiques ordoviciennes, la plupart 
des minéralisations se mettent en place comme veines 
ou veinules concordantes à la stratification4 dans les 
charnières et les flancs à pendage nord et est des plis 
siluro-ordoviciens (ex.: veines Irma et Maria Rosa, 
Tab. 3.2 et Fig. 3.6c). En comparaison avec les veines 
dans les zones de cisaillement, les veines et veinules 
encaissées dans les séries sédimentaires ont une 
morphologie plus anastomosée, une épaisseur souvent 
inférieure au mètre, et une extension ne dépassant 
guère la centaine de mètres, les rendant peu propices à 
une exploitation économique (<5% de la production du 
district de Pataz). De meilleures continuités et épais-
seurs sont observées sitôt que la veine pénètre dans 
une cornéenne eu égard à sa plus grande compétence. 
Dans les phyllites du socle polymétamorphique, les 
seuls indices minéralisés ont été rencontrés à proximité 
de niveaux de phyllites noires fortement mylonitisés. 
Ces occurrences sont de nature très diverse, avec des 
sulfures disséminés le long des bandes de cisaillement, 
des lentilles de sulfures massifs et des stockwerks. 
(iv) Lentilles minéralisées dans les failles est-ouest 
Les failles verticales orientées E-O à ESE-ONO sont 
des fractures décrochantes sénestres qui sont anté à 
syn-minéralisation, car elles sont remplies par un 
abondant matériel d’altération broyé, riche en mus-
covite et chlorite (1-3 g/t Au). Elles contiennent 
localement de petites lentilles de quartz aurifère d’une 
vingtaine de mètres de long. Lors de l’histoire post-
minéralisation, ces failles sont réactivées et se rem-
plissent de gouge. 
Modèle structural du district de Pataz 
En dépit d’orientations variées, les quatre systèmes de 
structures minéralisées décrits précédemment sont 
considérés, au vu de l’absence de critère de recou-
pement et de l’homogénéité de leurs minéralogies et 
altérations, comme synchrones. Dans le district de 
Pataz, nous avons entrepris leur analyse structurale en 
examinant l’orientation de l’ensemble des veines 
hydrothermales, en étudiant la morphologie des veines 
et failles sur les plans de mine, et en interprétant les 
                                                          
4 Sur la base d’observations structurales détaillées (Fig. 3.6), les 
veines sont parallèles à la schistosité Sp, qui, elle-même, est 
subparallèle à la stratification S0. 
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données microstructurales acquises sur six différentes 
veines. De cette étude, il ressort que: 
(1) sur l’ensemble des mesures structurales, aucune 
veine hydrothermale de quartz, même secondaire, 
n’a de pendage en direction de l'ouest dans le 
district de Pataz (Fig. 3.8a). 
(2) sur une projection stéréographique, les veines 
économiques s’inscrivent au cœur de la distri-
bution à proximité d’un pôle à 90°/45° alors que 
les failles est-ouest peu minéralisées se projettent 
en périphérie (Fig. 3.8a). 
(3) la plupart des plans de veines, en appliquant la 
méthode de Wallace (1951), définissent sur une 
projection stéréographique un cône qui leur est 
tangent, et dont l’ouverture indique que leurs 
structures hôtes se comportent en failles inverses 
dans un champ de déformation comprenant un axe 
d’extension presque vertical (Fig. 3.8b). 
(4) les veines nord-sud dans les zones de cisaillement 
ont, sur la base de l’orientation nord-est à est de 
leurs inflexions en forme de sigmoïdes, se mettent 
en place le long de fractures inverse-décrochantes 
dextres. 
(5) les zones de dilatation richement minéralisées 
situées le long des veines dans les zones de 
cisaillement ou des veines d’extension de part et 
d’autre de leur intersection avec les failles 
verticales est-ouest ont été créées suite à des 
mouvements sénestres syn-minéralisation le long 
de ces failles verticales. 
(6) les veines dans les zones de cisaillement et dans 
les fentes de tension ont, sur la base des 
orientations des structures S-C situées au toit et 
mur des veines La Lima 2, Karola, Consuelo et 
Mercedes, une composante horizontale dextre 
dans leur mouvement d’ouverture. 
En tenant compte des observations précédentes, un 
ellipsoïde de déformation a été établit pour les con-
ditions de mise en place des minéralisations dans le 
district de Pataz. Cet ellipsoïde se caractérise par un 
axe de raccourcissement horizontal orienté à l’est 
(Z=80°/15°), un axe intermédiaire orienté vers le SSE 
(Y=165°/00°) et un axe d’extension quasi vertical 
(X=255°/80°). Selon ce modèle, les veines nord-sud 
dans les zones de cisaillement (ex.: veines La Lima 1-
2, Karola et Consuelo) ont minéralisé des fractures, 
souvent héritées, s’ouvrant comme failles inverses 
avec un léger mouvement dextre. Quant à la veine est-
ouest Mercedes, elle se met en place le long d’une 
fracture hybride entre une fente de tension et une faille 
inverse-décrochante dextre. Vu son orientation et sa 
position particulières, cette veine serait un relais géant, 
au même titre qu’une veine en-échelon, entre deux 
systèmes principaux de veines dans des zones de 
cisaillement, un au mur, composé des veines La Lima 
1-2, Choloque et Consuelo, et l’autre au toit, composé 
des veines Karola et Luz (Fig. 3.9). Les veines et 
veinules dans les séries turbiditiques, selon l’ellipsoïde 
de déformation établi, s’ouvrent également en failles 
inverses mais avec une composante dextre ou sénestre. 
Toutefois, ce sont plus les anisotropies de la roche hôte 
(stratifications, plis) que le champ de contraintes 
régional qui contrôlent l’orientation de la majeure 
partie des minéralisations dans les roches métasé-
dimentaires. La quatrième famille de structures miné-
ralisées, les failles verticales est-ouest, est également 
compatible avec l’ellipsoïde régional de déformation. 
Ces failles ont cependant une orientation très défa-
vorable par rapport à l’axe d’extension, ce qui se 
traduit par la nature décrochante de la structure et la 
quasi-absence de remplissage hydrothermal. 
Déformations post-minéralisations 
La géométrie finale des veines aurifères est non 
seulement contrôlée par les facteurs lithologiques et 
structuraux exposés ci-dessus, mais est aussi fortement 
influencée par la superposition d’événements tecto-
niques cassants post-minéralisation. Selon nos obser-
vations, il y a eu au moins une phase de fracturation au 
Permo-Trias et trois durant le cycle orogénique andin 
(Fig. 3.10). Les mouvements post-minéralisations ont 
réactivé les failles verticales est-ouest syn-minéra-
lisation et segmenté les veines nord-sud perpendicu-
lairement à leur continuité. Dans le district de Pataz, 
les compartiments sont rabaissés en allant vers le nord 
et déplacés de manière sénestre sur quelques dizaines à 
centaines de mètres. A la différence des failles régio-
nales est-ouest, les mouvements le long des autres 
systèmes de fractures n’ont eu qu’un effet moindre sur 
la géométrie actuelle de la veine, et ont provoqué 
seulement quelques discontinuités, déplacements ou 
duplications de faible ampleur des veines minéralisées. 
Paragenèses métalliques et gangue 
Les paragenèses des gisements d'or de Pataz sont 
connues pour leur teneur élevée en sulfures de métaux 
de base (10-50% en volume). Elles se caractérisent par 
une homogénéité à l’échelle de la province et une 
absence de zonation verticale. Les veines présentent 
une séquence paragénétique uniforme avec trois étapes 
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de minéralisation, entrecoupées par des phases de 
fracturation: (i) un stade précoce P1 à pyrite-arséno-
pyrite-quartz laiteux, puis (ii) une paragenèse poly-
métallique P2 à Zn-Pb-Cu±Ag±As±Sb±(Bi±Te) et 
quartz microgranulaire au cours de laquelle précipitent 
l’or et l’électrum, et plus tardivement (iii) un stade P3 
à veinules de quartz-carbonates (Fig. 3.11, Schreiber, 
1989; Vidal et al., 1995). 
Dans le détail, le sulfure dominant, la pyrite forme 
des rubans de cristaux millimétriques au travers du 
quartz laiteux; l’arsénopyrite est synchrone à légè-
rement postérieure, cristallisant en intercroissance avec 
la pyrite et sur sa bordure. Les deux sulfures sont 
fracturés jusqu’à démembrés en cas de déformation 
cassante, et fortement cisaillés en cas de déformation 
ductile. Les pièges structuraux créés par la fracturation 
de l’assemblage P1 pyrite-arsénopyrite-quartz laiteux 
sont remplis par les minéraux de la paragenèse P2. 
Cette dernière comprend, en ordre décroissant 
d’abondance, du quartz microgranulaire de couleur 
bleu-gris, de la sphalérite contenant de la chalcopyrite 
en exsolutions, de la galène riche en inclusions de 
sulfosels, et une seconde génération de petites pyrites 
et arsénopyrites. L’électrum croît en petites inclusions 
dans la sphalérite ou en fils dans les craquelures de la 
pyrite et l’arsénopyrite (Fig. 3.12a); l’or précipite plus 
tardivement, soit en inclusion dans la galène soit dans 
des fractures ou sur le pourtour de l’arsénopyrite (Fig. 
3.12b-d). La taille des particules d'or et d'électrum 
varie entre 1 et 300 microns, avec localement quelques 
paillettes visibles à l’œil nu dans des veines pauvres en 
sulfures (veine Pencas). 
Le minéral de gangue le plus commun est le quartz 
avec ses différentes générations, qui représentent 
généralement plus de 80% en volume du remplissage 
de la veine. Quatre types de quartz, énumérés par ordre 
chronologique, ont été observés en lame mince (Figs. 
3.11 et 3.13): (i) un abondant quartz laiteux en cristaux 
millimétriques (P1), peu jusqu’à très fortement 
fracturés ou cisaillés, (ii) un quartz en peigne (P1) 
fréquent dans les veines de tension, (iii) un quartz 
bleu-gris microgranulaire (P2), en remplissage de 
fissures avec les sulfures à Pb-Zn-Cu±Ag±As±Sb et 
l’or, et (iv) un quartz blanc stérile (P3), accompagnant 
calcite et dolomite dans des veinules tardives. L’étude 
des textures des quartz se révèle être un outil puissant 
pour évaluer la qualité des pièges microstructuraux, car 
elle permet une estimation préliminaire des concen-
trations aurifères. Les sites les plus enclins à contenir 
des teneurs élevées en or (30-120 g/t Au) sont les 
assemblages de quartz laiteux bréchifiés, dont les 
abondantes craquelures sont remplies par un quartz 
gris-bleu à grain fin et micro-inclusions de sulfures. 
Les autres minéraux de gangue sont principalement 
des carbonates, dont les trois espèces, ankérite, 
dolomite et calcite peuvent constituer jusqu'à 10% en 
volume de la veine. L’ankérite, le carbonate le plus 
précoce, cristallise dans les fentes de tension entre les 
quartz en peigne (Fig. 3.13e). La dolomite et la calcite 
remplissent de leurs cristaux millimétriques des 
veinules tardives (Fig. 3.13f). Muscovite et chlorite, 
principaux minéraux d’altération, ne sont que des 
constituants mineurs de la veine. Leur intime associa-
tion avec le quartz bleu-gris suggère leur contem-
poranéité avec la paragenèse polymétallique P2. 
Géochimie des minerais 
Les veines d’or-(argent) de Pataz présentent des 
associations métalliques semblables à celle décrites à 
Parcoy (Vidal et al., 1995), caractérisées par des 
teneurs élevées en Fe-As-Pb-Zn±Cu généralement en 
poids pour-cent et par des concentrations en ppm de 
Cd-Sb±Bi±Te±W (Fig. 3.14, Annexe 3.2). Les mine-
rais analysés contiennent de quelques à plusieurs 
centaines de ppm d’or et d’argent, avec des rapports 
Au/Ag généralement égaux ou inférieurs à 1. L’or 
présente une corrélation linéaire parfaite avec l’argent 
jusqu'à 20 ppm, mais au-dessus de ce seuil les paires 
Au-Ag sont dispersées entre deux tendances diver-
gentes, une dans la suite de la droite précédente, et une 
autre orthogonale, avec une corrélation négative. Le 
zinc, le plomb, l’antimoine et le cuivre ont vis à vis de 
l’or presque le même comportement complexe que 
l’argent, suggérant qu'aucun élément, même du second 
stade paragénétique, n’est un bon traceur de l’or dans 
les échantillons de minerai. Ainsi, les minerais très 
riches en sulfosels et galène ne sont pas toujours 
enclins à renfermer de hautes teneurs en or. À la 
différence de l’or, l’argent présente des coefficients de 
corrélation très élevés avec l’antimoine, le plomb, le 
zinc et le cuivre, cités par ordre décroissant d’affinité. 
Altération hydrothermale 
La nature, le style et l’intensité de l’altération 
hydrothermale des gisements d’or orogéniques sont 
contrôlés par la température du fluide minéralisateur et 
par les propriétés rhéologiques et la lithogéochimie de 
la roche hôte (McCuaig et Kerrich, 1998). A Pataz, les 
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halos d’altération dans les granitoïdes présentent une 
grande homogénéité à l’échelle de la province et sont 
typiques des faciès de basse température dits schistes 
verts. La zone proximale, d’une épaisseur de 10 cm à 
10 m, se caractérise par une très forte décoloration et 
par une intense séricitisation, avec un peu de chlorite, 
des carbonates et de pyrite (Fig. 3.11). Vers l’extérieur, 
l’enveloppe d’altération s’estompe brusquement en 
quelques centimètres passant par une faible altération à 
chlorite avant d'atteindre une roche complètement 
fraîche. Les textures magmatiques des granitoïdes 
lixiviés sont encore préservées, mais leur minéralogie 
primaire est entièrement remplacée par un assemblage 
de quartz recristallisés et micas blancs à grain fin, 
recoupé par des veinules de calcite. Chimiquement, le 
mica de couleur vert pâle a une composition quasi pure 
de muscovite; celui de couleur vert émeraude, typique 
des halos d’altération de veines recoupant des 
lamprophyres, est une fuchsite. 
Les processus d’altération hydrothermale sont 
fortement atténués lorsque la veine traverse des séries 
sédimentaires. Dans les argilites, la faible altération à 
muscovite-chlorite n'est presque pas visible macro-
scopiquement, et seul un léger blanchiment de la roche 
hôte l’indique. Dans les phyllites, le halo d’altération 
se limite à une étroite bande de cisaillement fortement 
chloritisée et légèrement pyritisée. Enfin, dans les 
cornéennes, une altération séricitique accompagnée de 
carbonates se superpose sur les minéraux de méta-
morphisme de contact. 
Ages de la minéralisation 
L’altération séricitique formant l’enveloppe des veines 
aurifères a été datée par la méthode 40Ar-39Ar dans le 
district de Pataz et à la mine de Culebrillas. Les six 
spectres obtenus présentent tous une partie initiale en 
marche d’escalier puis un plateau, avec des âges 
variant entre 314 et 288 Ma (Tab. 2.4, Fig. 2.5). Une 
telle configuration des spectres d’âge peut s’expliquer 
par la superposition de deux événements distincts:5 
l’altération hydrothermale au Carbonifère et une réju-
vénation partielle des micas au Crétacé, qui intervient 
lors de l’emplacement de stocks porphyriques. Ainsi, 
nos âges de plateau les plus jeunes (deux fois 305 Ma 
et 288 Ma), et les paliers de basse température en 
marche d’escalier sont l’expression de cette perte 
partielle d'argon. Les trois âges de plateau les plus 
anciens à 314-312 Ma peuvent être interprétés comme 
le vrai âge de l’altération hydrothermale, et donc 
comme celui de la minéralisation aurifère, car: (i) la 
muscovite hydrothermale cristallise avec la paragenèse 
P2 à or, à une température en-dessous ou proche de la 
température de rétention de l’argon dans un mica 
blanc, (ii) les spectres 40Ar-39Ar des muscovites sont 
sensiblement plus jeunes que l’âge de refroidissement 
40Ar-39Ar de 322 Ma mesuré sur une aplite, (iii) les 
analyses ont été conduites sur des séparations 
exemptes de reliques de muscovites magmatiques, et 
(iv) les muscovites de trois différentes veines donnent 
des âges 40Ar-39Ar concordants dans la marge d’erreur 
à 2σ. D’un autre côté, ces âges à 314-312 Ma peuvent 
aussi être interprétés comme l’âge minimal de l’altéra-
tion, au regard de la forme continuellement croissante 
des spectres (Fig. 2.5). Dans ce cas, l’âge maximal de 
la minéralisation est donné par les âges de 325-322 Ma 
mesurés sur des micas provenant d’un dyke aplitique. 
Au vu de ce qui précède, les âges radiométriques à 
314-312 Ma ne représentent pas un âge de refroi-
dissement des micas du batholite de Pataz, mais bien la 
plus proche estimation, bien qu’inférieure, de l’âge de 
la minéralisation hydrothermale, un événement éphé-
mère et distinct du plutonisme calco-alcalin. 
                                                          
5 Selon cette interprétation, l’âge K-Ar de 286 Ma mesuré sur la 
veine Cabana par Vidal et al. (1995) devient caduc, et n’a plus 
de signification géologique. 
Isotopes stables 
Isotopes du soufre 
Les sulfures des veines minéralisées de Pataz et 
Culebrillas présentent une grande uniformité dans 
leurs compositions isotopiques, avec des valeurs δ34S 
comprises entre -2.1 et 3.7‰ (Tab. 4.2 et Fig. 4.3). La 
pyrite et l’arsénopyrite de la phase P1 ont des valeurs 
δ34S se chevauchant et variant entre 0.1 et 3.5‰. 
Quant aux sulfures de la paragenèse P2, ils ont des 
valeurs δ34S entre 0.4 et 3.7‰ pour la sphalérite, entre 
-2.1 et 1.9‰ pour la galène, et à 2.5‰ pour la 
chalcopyrite. L’application des équations d’Ohmoto et 
Rye (1979) aux couples galène-sphalérite et galène-
chalcopyrite a permis d’estimer les températures de 
formation de la paragenèse P2 à Pb-Zn-Cu, et indirec-
tement celles de la précipitation de l’or (Tab. 4.2 et 
Fig. 4.4). Ces calculs donnent des températures com-
prises entre 295 et 365°C pour les veines encaissées 
dans des granitoïdes (veines Mercedes, Consuelo et 
Picaflor) et entre 230 et 270°C pour celles encaissées 
dans des argilites/cornéennes (veines Inca, Maria Rosa 
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et Nueva Porfía). La seconde gamme de températures 
n’est pas considérée comme fiable, car au regard des 
résultats de la géothermométrie de l’oxygène que 
l’équilibre isotopique n’a pas été atteint dans les 
sulfures des veines qui se sont mises en place dans des 
roches métasédimentaires (Fig. 4.4). Cette conclusion 
s’applique également aux analyses isotopiques réa-
lisées sur les sulfures de la veine Carhuacoto, une 
minéralisation encaissée dans des phyllites. 
La composition isotopique du soufre total (δ34SΣS) 
dans le fluide hydrothermal peut être estimée directe-
ment à partir des valeurs δ34S des sulfures, sachant 
que, pour des conditions de température <500°C et un 
pH <6, δ34SΣS ≈ δ34SH2S ≈ δ34Ssulf (Ohmoto et Goldha-
ber, 1997). La composition moyenne δ34S ΣS du fluide 
minéralisateur est donc de 2 ±2‰ pour les paragenèses 
P1 et P2. De telles valeurs δ34S ΣS proches de zéro sont 
généralement interprétées comme indiquant une source 
magmatique pour le soufre. Celui-ci provient soit 
directement de magmas profonds ou indirectement de 
la dissolution et/ou désulfuration de sulfures magmati-
ques primaires (batholite de Pataz) ou de soufre crustal 
(McCuaig et Kerrich, 1998). Pour les minerais 
encaissés dans les argilites, cornéennes et phyllites, le 
soufre de leurs sulfures proviendrait non seulement du 
fluide hydrothermal non aussi du soufre syn-sédimen-
taire des séquences protérozoïques à ordoviciennes 
adjacentes. 
Isotopes d’hydrogène, oxygène et carbone 
Les analyses isotopiques de deutérium, oxygène et 
carbone effectuées sur les minéraux de gangue et 
d’altération (quartz, carbonates et muscovite) présen-
tent également une très forte homogénéité dans leurs 
résultats (Tab. 4.4). Sur la base d’un échantillonnage 
des mines de Pataz et Culebrillas, aucune zonation 
isotopique n’a été observée que ce soit latéralement à 
l’échelle de la province ou en profondeur le long des 
veines. 
Les compositions isotopiques des muscovites va-
rient entre -60 et -39‰ pour le deutérium et entre 7.4 
et 9.9‰ pour l’oxygène. Les échantillons provenant du 
halo d’altération ont des valeurs δD plus légères que 
ceux du cœur de la veine, ce qui suggère une 
contamination isotopique des échantillons les plus 
externes à la veine par les épontes. En effet, ces 
valeurs appauvries sont proches des compositions iso-
topiques de biotites magmatiques, qui ont été extraites 
de granodiorites et monzogranites du batholite de 
Pataz. Les analyses de ces biotites ont donné des 
valeurs comprises entre -85 et -70‰ pour le δD, et 
entre 2.7 et 4.5‰ pour le δ18O (Tab. 4.3 et Fig. 4.5a). 
Les deux variétés de quartz hydrothermal analysées 
affichent des compositions isotopiques en oxygène se 
chevauchant, avec des valeurs δ18O comprises entre 
10.9 et 14.2‰ pour le quartz laiteux de la paragenèse 
P1, et entre 11.7 et 13.4‰ pour le quartz bleu-gris 
microgranulaire de la paragenèse P2. En appliquant la 
géothermométrie isotopique de l’oxygène sur des 
couples quartz II-muscovite, nous avons calculé des 
températures d’équilibre entre 310 et 380°C pour la 
paragenèse P2 et donc pour le stade aurifère (Tab. 4.4 
et Fig. 4.4). Ces résultats sont en parfait accord avec 
les températures de 295-365°C obtenues à l’aide de la 
géothermométrie isotopique du soufre. 
Les carbonates présentent des valeurs δ18O entre 
8.9 et 9.9‰ pour l’ankérite (P1), de 11.7‰ pour la 
dolomite (P3), et entre 7.5 et 9.3‰ pour la calcite (P3). 
Leurs compositions isotopiques respectives en carbone 
montrent une légère décroissance au cours de l’évo-
lution paragénétique, avec des valeurs δ13C entre -5.6 
et -5.2‰ pour l’ankérite, de -7.6‰ pour la dolomite et 
entre -8.5 et -8.3‰ pour la calcite (Tab. 4.4 et Fig. 
4.5b). 
En usant des équilibres isotopiques minéral-eau 
indexés dans l’Annexe 4.1, et de températures de 
330°C pour les stades paragénétiques P1 et P2, et de 
300°C pour le stade P3, nous avons recalculé les 
compositions isotopiques des fluides propre à chacune 
des trois paragenèses (Tab. 4.4). Le δ18OH2O du fluide 
hydrothermal est estimé à 7 ±2‰ pour les stades P1 et 
P2 à sulfures, puis il s’allège à 4 ±2‰ lors du stade P3 
à carbonates. Quant au δDH2O moyen, il est équivalent 
à -25 ±10‰ pour le fluide en équilibre avec la para-
genèse P2. De telles compositions isotopiques 
d’oxygène et de deutérium ne permettent pas d’attri-
buer une origine magmatique ou métamorphique au 
fluide minéralisateur (Fig. 4.5a). Compte tenu de la 
proximité entre ces valeurs et celles obtenues sur le 
batholite de Pataz, le fluide hydrothermal a soit été 
libéré du même réservoir crustal que les magmas à 
l’origine de l’intrusion, soit a fortement réagi avec les 
épontes et drains lors de son ascension. L’homogénéité 
de ces valeurs suggère que la cellule hydrothermale ne 
se limite pas à l’environnement immédiat du gisement. 
Les valeurs δ13CCO2 calculées à l’aide des équations 
minéral-CO2 de l’Annexe 4.1 permettent d’estimer di-
rectement la composition isotopique du carbone total 
du fluide minéralisateur (δ13CΣC), car le contenu en 
CO2 du fluide est largement supérieur à celui en CH4. 
Ces valeurs diminuent de 3‰ avec l’évolution de la 
paragenèse, de -3‰ pour le stade P1 à -6‰ pour le 
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stade P3 (Fig. 4.5b). Cette diminution, qui se corrèle 
avec un appauvrissement en 18O, peut s’expliquer soit 
par un changement partiel de la nature du réservoir soit 
par des variations d’oxydoréduction. Ces valeurs 
négatives de δ13CΣC entre -3 et -6‰ indiquent que le 
carbone a été incorporé dans le fluide hydrothermal 
soit (i) par dévolatilisation métamorphique de la croûte 
inférieure, (ii) par libération de CO2 juvénile du 
manteau, (iii) par lessivage des lithologies plutoniques 
le long des conduits hydrothermaux ou au site de 
dépôt, ou encore (iv) par un panachage de ces 
différents processus (McCuaig et Kerrich, 1998). 
Isotopes radiogéniques 
Isotopes du plomb 
Les compositions isotopiques du plomb des minerais 
de Pataz (Tab. 4.5), mesurées sur des galènes, sont en 
tout point comparables à celles obtenues par Vidal et 
al. (1995) sur les minerais de Parcoy. Dans le détail, 
les rapports 206Pb/204Pb sont compris entre 18.35 et 
18.46, les rapports 207Pb/204Pb entre 15.62 et 15.69, et 
les rapports 208Pb/204Pb entre 38.26 et 38.50. Selon les 
courbes d’évolution proposées par Zartman et Doe 
(1981), ces compositions isotopiques se placent entre 
la croûte supérieure et l’orogène dans le diagramme 
uranogénique (Fig. 4.6a) et à gauche de l’orogène dans 
le diagramme thorogénique (Fig. 4.6b). 
Afin d’établir l’origine du plomb dans les galènes, 
des analyses isotopiques séparées sur résidus et 
lixiviats de roche totale ont été réalisées selon la pro-
cédure décrite dans Chiaradia et Fontboté (2000) sur 
un échantillonnage des principales lithologies du socle 
infra-silurien et des intrusifs paléozoïques affleurant 
dans la région de Pataz (Tab. 4.6 et Fig. 4.6). Selon ces 
auteurs, dans les roches acides à intermédiaires, les 
rapports 206Pb/204Pb, 207Pb/204Pb et 208Pb/204Pb du résidu 
sont des mesures directes de la composition isotopique 
de la roche au moment de sa formation (= plomb 
commun), et ceux du lixiviat sont des enregistrements 
de l’histoire post-formation de la roche. Six roches 
représentatives des différents faciès du batholite de 
Pataz ont été analysées et, si l’on omet un lamprophyre 
fortement altéré, les compositions isotopiques de leurs 
résidus sont groupées avec des rapports très légè-
rement plus radiogéniques (206Pb/204Pb: 18.46-18.59, 
207Pb/204Pb: 15.61-15.67 et 208Pb/204Pb: 38.25-38.42) 
que ceux des galènes. Les compositions isotopiques de 
leurs lixiviats respectifs sont éparpillées et fortement 
plus radiogéniques que celles des résidus, avec des 
rapports 208Pb/204Pb relativement élevés, qui suggèrent 
la présence de plomb en déséquilibre dans la roche. 
Les compositions isotopiques du plomb des résidus et 
lixiviats des autres lithologies, c’est-à-dire du lampro-
phyre et des roches du socle infra-silurien (micaschis-
te, phyllite, grès, argilite, métadacite), sont également, 
en proportion variable, plus uranogéniques et thoro-
géniques que celles du minerai. 
Au vu de ces résultats, le plomb des veines de Pataz 
et Parcoy, bien que sa composition isotopique soit 
proche de celle du plomb commun du batholite de 
Pataz, ne peut ni provenir uniquement de cette source, 
ni être incorporé par assimilation magmatique, comme 
le proposent Macfarlane et al. (1999). Il est donc 
nécessaire d’invoquer comme sources du plomb des 
veines aurifères un mélange entre le plomb de roches 
calco-alcalines, incluant le batholite de Pataz et ses 
racines, et un réservoir crustal peu radiogénique, 
similaire aux gneiss formant le socle du micro-
continent d’Arequipa-Antofalla. Ainsi, les isotopes du 
plomb permettent de tirer deux conclusions fon-
damentales sur la nature et la taille du système 
hydrothermal: (i) le fluide hydrothermal a lessivé une 
quantité non-négligeable de plomb de la croûte infé-
rieure puis durant son ascension a acquis la majeure 
partie de son plomb par lessivage des roches pluto-
niques carbonifères, (ii) la similitude des compositions 
isotopiques du plomb des minerais à l’échelle de la 
province semble indiquer une taille pluridécakilomé-
trique de la cellule hydrothermale. 
Isotopes du strontium 
Les carbonates hydrothermaux (ankérite, dolomite et 
calcite) ont été analysés pour leurs compositions isoto-
piques en strontium, et leurs rapports ont été comparés 
à ceux du batholite de Pataz et des séries métasédi-
mentaires avoisinantes. Les rapports 87Sr/86Sr actuels, 
les rapports 87Sr/86Srm corrigés à l’âge de la minéra-
lisation à 313 Ma, et pour le batholite de Pataz, et les 
rapports 87Sr/86Sri initiaux calculés au moment de la 
formation de la roche sont présentés dans le Tableau 
4.7 et comparés sur la Figure 4.7. Les rapports 87Sr/86Sr 
des huit carbonates définissent une ligne de mélange 
avec 0.7084 en tant que pôle le moins radiogénique et 
0.7146 comme valeur la plus radiogénique. Cette dis-
persion des rapports 87Sr/86Sr dans les carbonates ne se 
corrèle ni avec le contenu en strontium des échan-
tillons, ni avec les variations chimiques et isotopiques 
observées avec l’évolution de la séquence paragé-
nétique. Les granites du batholite de Pataz, présentent 
une distribution étroite de leurs rapports 87Sr/86Srm 
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(0.7083-0.7090), qui chevauche les compositions iso-
topiques des carbonates les moins radiogéniques. A 
l’opposé, les roches métamorphiques du complexe du 
Marañón affichent des rapports 87Sr/86Srm plus 
radiogéniques que ceux des carbonates, compris entre 
0.7172 et 0.7248, si l’on inclut les données de 
Macfarlane (1999). 
La variabilité de la composition isotopique du 
strontium dans les carbonates est donc le reflet d’une 
contamination du Sr radiogénique transporté par le 
fluide hydrothermal par le Sr libéré par le batholite 
notamment par séricitisation de ses feldspaths. Le 
rapport 87Sr/86Sr le plus radiogénique (≈0.715), c’est-à-
dire avec le moins d'interaction fluide-roche, 
représente a priori la plus proche estimation, bien que 
minimale, de la composition isotopique vraie du fluide 
minéralisateur. Un tel rapport 87Sr/86Sr reflète un 
lessivage par le fluide hydrothermal de drains et roches 
sources fortement radiogéniques. Ce strontium radio-
génique proviendrait en grande partie des roches 
métamorphiques avoisinantes comme les phyllites du 
complexe du Marañón, mais aussi, en quantité 
inconnue, de réservoirs profonds, comme des gneiss 
crustaux et/ou des sédiments subductés. 
Inclusions fluides 
Les inclusions fluides, mesurées dans le quartz laiteux 
(P1) et la sphalérite (P2) sont toutes biphasées, avec 
des rapports liquide-vapeur élevés, et un diamètre 
généralement compris entre 2 et 6 µm. Trois popula-
tions d’inclusions fluides ont été reconnues sur la base 
de leur position, morphologie et composition chimique 
(Tab. 4.8 et Fig. 4.9): (i) des inclusions pseudosecon-
daires à H2O-CO2-NaCl±CH4 présentes uniquement 
dans les quartz laiteux et caractérisées par la présence 
d’un clathrate à température ambiante (salinité: 1-8 % 
pds éq. NaCl, TH: 185-279°C), (ii) de nombreuses pe-
tites inclusions à H2O-NaCl piégées le long de traînées 
et secondaires dans le quartz laiteux, mais isolées et 
pseudosecondaires dans la sphalérite (salinité: 5-15 % 
pds éq. NaCl, TH: 142-268°C), et (iii) des traînées 
d’inclusions tardives très salines à H2O-NaCl-CaCl2 
recoupant la paragenèse métallique et la gangue 
(salinité: 11-24 % pds éq. NaCl, TH: 93-152°C). Ces 
populations sont comparables en de nombreux points 
aux familles décrites par Schreiber (1989), si l’on 
excepte la présence d’inclusions à CO2, une phase 
n’ayant pas été décrite précédemment, et le manque de 
critères permettant d’établir la présence de KCl dans 
les inclusions. Les relations géométriques indiquent 
que les deux premières populations accompagnent 
l’évolution paragénétique de la minéralisation (P1 et 
P2), tandis que la troisième est liée à une circulation 
fluide tardi- à post-minéralisation (P3 ou post-P3). 
Source(s) et évolution des fluides 
Les inclusions à H2O-CO2-NaCl±CH4 présentent de 
fortes similitudes dans leurs propriétés microthermo-
métriques avec les fluides aquo-carboniques décrits 
dans de nombreux gisements d’or orogéniques. Il 
existe cependant une différence majeure entre le 
moment supposé de leur piégeage à Pataz et celui 
décrit dans la majorité des études, où l’or et le fluide à 
CO2 sont généralement associés (Ridley et Diamond, 
2000). Sur la base des observations pétrographiques, 
les fluides à CO2 sont, à Pataz, liés au dépôt du quartz 
laiteux et de l’ankérite. Aucun critère ne permet 
d’établir si ce fluide est également impliqué dans la 
formation de la pyrite et de l’arsénopyrite (P1), mais 
l’absence d’inclusions à H2O-CO2-NaCl±CH4 dans la 
sphalérite démontre en tout cas que celui-ci n’est plus 
présent lors de la précipitation de la paragenèse 
aurifère P2. Ces relations suggèrent soit que les 
conditions requises pour le dépôt de l’or n’étaient pas 
atteintes lors de la circulation du fluide aquo-carbo-
nique, soit que ce dernier ne transportait pas d’or en 
solution. Quelle que soit l’interprétation choisie, les 
observations chronologiques à Pataz rappellent celles 
réalisées dans les gisements d’or varisques, où 
plusieurs études d’inclusions fluides ont démontré que 
les fluides aquo-carboniques sont antérieurs au stade 
aurifère (Boiron et al., 1996; Bouchot et al., 1997; 
Boiron et al., 2001; Vallance, 2001). 
Les inclusions salines de la seconde population 
représentent des fluides, qui, sur la base des relations 
géométriques, sont synchrones avec les paragenèses 
sulfurées (P1 et P2), mais postérieurs à la formation du 
quartz laiteux. La très forte corrélation positive que 
l’on note entre les salinités et les températures d’ho-
mogénéisation (Fig. 4.9) est l’expression d’une ligne 
de mélange entre un fluide relativement chaud avec 15 
% pds éq. NaCl et un fluide de basse température avec 
5 % pds éq. NaCl. L’explication la plus vraisemblable 
est qu’à la suite des fluides aquo-carboniques, des 
fluides modérément salins ont percolés à travers les 
veines aurifères durant le stade P1 à pyrite et arséno-
pyrite et qu’ils ont peu à peu été dilués et refroidis par 
des eaux de moindre salinité et température lors du 
stade aurifère P2. Des fluides salins et dilués en tout 
point semblables à ceux décrits à Pataz ont été 
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reconnus dans un grand nombre de gisements d’or 
varisques, notamment dans le Massif Central, les 
Asturies et en Bohême (Boiron et al., 1996; Bouchot et 
al., 1997; Vallance, 2001; Boiron et al., 2001). 
La Figure 4.11 présente un modèle global pour la 
genèse des veines d’or de Pataz, qui comprend 
l’origine des fluides, leur cheminement, leur évolution 
et le site de dépôt. Le scénario proposé, bien qu’il soit 
le plus vraisemblable, comporte de nombreuses incer-
titudes, si l’on tient compte que la plupart des données 
isotopiques et des compositions chimiques obtenues 
sont équivoques et qu’elles reflètent le plus souvent les 
interactions fluide-roche le long des drains et non la 
source initiale du fluide. Pour commencer, la nature 
aquo-carbonique et la faible salinité des fluides 
précoces est difficile à concilier avec une source 
unique de fluide. Si l’on concède qu’une partie des 
éléments a été soit ajoutée soit soustraite au cours de 
sa migration, un fluide aquo-carbonique à faible 
salinité peut aussi bien dériver d’une évolution 
magmatique que d’une dévolatilisation métamorphique 
(Ridley et Diamond, 2000). Les seules restrictions sur 
son origine sont les données d’isotopes du plomb, qui 
plaident pour un apport crustal, et la taille de la 
ceinture minéralisée (>160 km), qui va à l’encontre 
d’un modèle génétique local, comme, par exemple, un 
pluton caché. Le passage d’un fluide aquo-carbonique 
à un fluide dépourvu de CO2 et modérément salin 
semble coïncider avec le début de la précipitation des 
sulfures. La perte de CO2 et l’enrichissement conjoint 
en sels découlent soit d’une évolution graduelle du 
fluide aquo-carbonique soit de la venue dans la cellule 
hydrothermale d’un second fluide de nature différente. 
La perte de volatiles par décompression, la libération 
séquentielle d’un fluide magmatique, et l’intense inter-
action fluide-roche le long des drains sont quelques-
uns des mécanismes à même d’expliquer le premier 
scénario. La seconde transition, qui voit le fluide 
minéralisateur modérément salin et relativement chaud 
devenir peu à peu un fluide à faible salinité et 
température, se corrèle avec la venue d’eaux diluées 
d’origine superficielles dans le système hydrothermal 
(Fig. 11). L’infiltration de ces eaux diluées signifie 
qu’un changement fondamental s’est produit dans les 
conditions tectoniques et qu’il y a désormais une 
connexion entre un réservoir profond et des drains 
superficiels, jusqu’alors isolés. En termes de pression, 
cela se traduit par le passage, en réponse à la remontée 
du bâti, d’un régime purement lithostatique à des 
conditions quasi hydrostatiques. A l’échelle de la 
veine, cet événement est synchrone avec les épisodes 
de fracturations, qui ont permis à la sphalérite, la 
galène, l’or (P2) de se déposer dans des microfissures 
de la pyrite, de l’arsénopyrite et du quartz laiteux. 
Selon la chronologie établie, les inclusions fluides à 
H2O-NaCl-CaCl2 représentent des fluides tardifs qui 
ont circulés lors de la formation des veinules à calcite-
dolomite-quartz ou lors d’un événement postérieur 
sans relation avec la minéralisation. Ces saumures 
riches en sodium et calcium proviendraient soit de 
l’infiltration à grande profondeur d’eaux météoriques, 
soit d’une circulation de fluides de bassin, ou encore 
de la libération d’eaux magmatiques lors de la mise en 
place des porphyres crétacés. 
Isochores et estimation des conditions de pression 
Les reconstructions d’isochores effectuées à partir des 
données d’inclusions fluides et des températures 
isotopiques suggèrent qu’entre le dépôt du quartz (P1, 
précoce) et la précipitation de la sphalérite (P2, stade 
aurifère), les veines ont suivi un chemin de décom-
pression, le long duquel les pressions ont diminué de 
~5 kbar à moins de 1 kbar pendant que les 
températures ont baissé de ~400°C à moins de 300°C 
(Fig. 4.10). Cette évolution P-T peut s’expliquer par 
des variations de profondeur liées à une surrection du 
bâti (de 16±5 km à environ 5-10 km) et par un 
refroidissement continu du système hydrothermal. Ces 
deux processus ne peuvent toutefois pas être tenus 
pour seuls responsables de l’éparpillement des tempé-
ratures d’homogénéisation et des isochores que l’on 
observe lors du stade aurifère (Fig. 4.10). Dans un 
contexte de surrection, plusieurs autres mécanismes 
sont susceptibles de contribuer aux variations de pres-
sion et de température qui sont enregistrées dans les 
inclusions fluides, comme des fluctuations entre 
conditions lithostatiques et hydrostatiques, une chute 
de température du système suite à l’infiltration d’eaux 
superficielles et un rééquilibrage post-piégeage d’une 
partie des fluides piégés (Vityk and Bodnar, 1998). A 
Pataz, nos observations structurales et mesures micro-
thermométriques indiquent que ces trois mécanismes 
ont opéré conjointement. 
Relations entre la minéralisation aurifère et 
son encaissant le batholite de Pataz 
Un des débats récurrent dans la compréhension des 
gisements d’or filoniens mis en place à grande profon-
deur dans des roches intrusives est la nature exacte du 
lien entre la minéralisation et les plutons hôtes. Selon
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Encart 2 
Les gisements d’or orogéniques paléozoïques dans les Andes Centrales 
Une relecture approfondie de la littérature portant sur les gîtes métallifères des Andes centrales montre qu’il existe un 
grand nombre de minéralisations filoniennes à or-antimoine-tungstène dans les unités paléozoïques inférieures le long 
de la Cordillère Orientale du Pérou, de la Bolivie, du Nord-Ouest de l’Argentine, et plus au sud, des Sierras 
Pampeanas. Ces minéralisations se rencontrent principalement sous deux formes, (i) comme selles à cheval dans les 
séries turbiditiques siluro-ordoviciennes et (ii) comme veines ductiles-cassantes dans les granites ordoviciens et 
carbonifères. Du nord au sud, les principaux districts aurifères sont, outre la province de Pataz, Ananea et Santo 
Domingo au Pérou, Yani-Aucapata et Amayapampa en Bolivie, et Sierra de la Rinconada et Sierra de Cordóbas en 
Argentine (Tab. 5.1 et Fig. 5.1). Ces gisements primaires sont considérés comme la principale source des placers 
aurifères exploités dans la zone subandine, notamment au Pérou (Madre de Dios, 400'000 onces/an) et en Bolivie 
(Beni, 100'000 onces/an). 
La plupart des districts mentionnés ci-dessus présentent de fortes similitudes avec les veines décrites à Pataz, 
notamment par leur situation tectonique, leurs styles structuraux, leurs paragenèses, leurs altérations et la chimie de 
leurs fluides (Fig. 5.1). A l’échelle régionale, les minéralisations se mettent en place soit dans des structures 
secondaires à proximité de grands linéaments, soit le long de charnières d’anticlinaux régionaux. Les minéralisations 
prennent des styles très variés, avec, selon la rhéologie de l’encaissant, des veines ductiles-cassantes dans des zones de 
cisaillement, des veines en échelon, des veinules concordantes à la stratification, des selles à cheval, et des 
disséminations sulfurées. Leurs séquences paragénétiques se subdivisent systématiquement en: (i) un épisode précoce 
à pyrite-arsénopyrite-quartz laiteux±scheelite-wolframite, (ii) une seconde étape polymétallique à sulfures de plomb-
zinc-cuivre et quartz bleu-gris microgranulaire, lors de laquelle précipitent l’or et l’électrum, et (iii) un stade tardif, pas 
toujours présent, à stibine et sulfosels d’antimoine. La présence d’antimoine, principal minerai des gisements 
boliviens, suggère une mise en place des minéralisations à un niveau structural moins profond. A l’instar des styles 
structuraux, la nature des altérations hydrothermales est dictée par la lithologie hôte, avec une forte séricitisation dans 
les roches granitiques et une faible altération à chlorite-séricite dans les roches sédimentaires. Enfin, les fluides 
associés à ces gisements sont d’ordinaire peu à moyennement salins et souvent pauvres en CO2. 
Au vu des propriétés énumérées ci-dessus, nous attribuons ces minéralisations à or-antimoine-tungstène à la classe 
des gisements orogéniques, et nous définissons, sur la base d’âges relatifs des orogenèses et de quelques âges absolus 
sur des intrusions et des altérations hydrothermales, les trois ceintures et époques de minéralisation suivantes (Fig. 
5.3): 
(1) Sierras Pampeanas (sud de 26°S): l’événement aurifère a été daté entre 378 et 351 Ma (40Ar/39Ar sur 
muscovite), et est connexe avec la tectonique de transpression liée à la phase terminale de l’accrétion du 
microcontinent Chilenia (Skirrow et al., 2000). 
(2) Cordillère Orientale du Sud-Est du Pérou au Nord-Ouest de l’Argentine (12 à 26°S): les minéralisations 
aurifères, en l’absence d’âge isotopique, sont considérées comme syn- à post-métamorphiques et se mettraient 
en place lors d’une phase de surrection à la suite de la collision au tardi-Dévonien du microcontinent 
d'Arequipa-Antofalla sur la marge sud-américaine. 
(3) Pataz et Cordillère Orientale du Centre-Nord du Pérou (nord de 12°S): les veines d'or, datées à 314-312 Ma 
(40Ar/39Ar sur muscovite), se forment dans un contexte d’exhumation de la marge cordillérane. 
Ces trois ceintures d’âge dévonien à carbonifère sont situées dans la continuation métallogénique des gisements 
d’or orogéniques d'Australie, tels que Bendigo-Ballarat et Charters Towers, avec lesquels elles partagent de nombreux 
points communs. En fait, les provinces andines forment la partie sud-américaine des ceintures d’or orogéniques qui, de 
l’Ordovicien supérieur au Permien moyen, se sont mises en place dans des marges d’accrétion ou des chaînes de 
collision sur le pourtour du supercontinent Gondwana et dans les masses continentales paleo-téthysiennes (Bierlein et 
Crowe, 2000; Goldfarb et al., 2001). Une reconstruction paléogéodynamique de ce supercontinent dans sa 
configuration au Cambrien moyen apparaît comme un outil de prédiction permettant de localiser sur les sept continents 
les terrains qui sont susceptibles de renfermer des ceintures aurifères d’âge paléozoïque moyen à supérieur (Fig. 5.4). 
Compte tenu des observations précédentes, de l’ubiquité des indices aurifères le long de la Cordillère Orientale et dans 
les Sierras Pampeanas, et de la taille des placers exploités dans la zone subandine, il importe de reconsidérer les 
gisements d’or orogéniques paléozoïques dans les Andes Centrales aussi bien d’un point de vue économique 
qu’académique. 
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certains auteurs, les intrusions sont directement liées 
aux processus magmatiques-hydrothermaux, alors que 
d’autres pensent qu’elles ont uniquement un rôle passif 
comme simple moteur thermique ou piège structural. 
Comme exemple de cette controverse, la distinction 
entre les gisements orogéniques épigénétiques (Kerrich 
et Cassidy, 1994; McCuaig et Kerrich, 1998; Goldfarb 
et al., 1998; Groves et al., 1998; Bierlein et Crowe, 
2000; Hagemann et Cassidy, 2000), et les gisements 
co-génétiques, dits “intrusion-related” (Sillitoe, 1991; 
McCoy et al., 1997; Sillitoe et Thompson, 1998; 
Thompson et al., 1999; Thompson et Newberry, 2000; 
Lang et al., 2000) est souvent problématique, car ces 
deux types de gîtes se forment dans un même contexte 
de marge convergente, et présentent une superposition 
quasi totale de leurs attributs. Ainsi, des critères, tels 
que les relations géométriques entre veines et intru-
sions, les paragenèses et associations métalliques, et la 
chimie des fluides sont souvent équivoques, et ne 
permettent pas d’opter pour l’une ou l’autre catégorie. 
Un outil qui permet, dans certains cas, de lever cette 
ambiguïté est la datation isotopique des veines et des 
intrusions alentours. Un gisement orogénique se distin-
guera, dans le meilleur des cas, par un âge de quelques 
millions d’années à plusieurs dizaines de millions 
d’années postérieur au plutonisme, et souvent tardi-
cinématique dans l’histoire d’une marge d’accrétion ou 
d’une chaîne de collision. 
A Pataz, l’ensemble des âges U-Pb et 40Ar-39Ar 
mesurés sur les différentes roches calco-alcalines du 
batholite et la minéralisation aurifère (Fig. 2.7) suggère 
qu’il y a un intervalle de 4 à 17 millions d’années entre 
la mise en place de l’intrusion principale (329 Ma) et 
la minéralisation (âge de l’altération @ 314-312 ≤ âge 
de la minéralisation < âge du dyke aplitique @ 322-
325 Ma). Un tel intervalle signifie que le batholite était 
déjà refroidi et vraisemblablement fracturé au moment 
de la venue du fluide minéralisateur, ce qui contredit 
les modèles orthomagmatiques proposés par Schreiber 
et al. (1990), par Vidal et al. (1995), par Sillitoe et 
Thomson (1998), et par Macfarlane et al. (1999). Les 
veines aurifères de la province de Pataz sont donc 
épigénétiques, et leur encaissant, le batholite de Pataz, 
ne joue qu’un rôle passif dans leur genèse. 
La localisation des gisements d’or dans la province 
de Pataz est à la fois contrôlée par des facteurs 
externes et inhérents au batholite. Selon notre analyse 
structurale, la distribution des veines est dictée à 
l’échelle régionale par un champ de déformation com-
pressif (X~N80°E), par le contraste de compétences 
entre les différentes unités du bâti, par la présence d’un 
grand linéament orienté NNO-SSE, et par la forme 
allongée du batholite. A l’échelle du gisement, l’orien-
tation des veines est contrôlée par les anisotropies pré-
existantes, telles que les contacts lithologiques, dykes, 
failles, stratifications et plis, et par les propriétés 
rhéologiques des différentes roches hôtes. Ainsi, le 
champ de contrainte est dévié par la bordure du 
batholite, ce qui permet aux fractures de s’ouvrir ou se 
réactiver dans un couloir de 2 km à l’intérieur du 
batholite, au contact avec les cornéennes et dans les 
argilites et phyllites adjacentes. Sous le champ de 
contrainte établi, les fractures, dykes et contacts litho-
logiques nord-sud à pendage est situés dans ce corridor 
sont les structures les plus favorablement orientées, et 
deviennent les meilleurs pièges pour de riches 
minéralisations aurifères (ex: veines La Lima 1-2 et 
Consuelo). A l’instar des orientations, le style des 
minéralisations est également contrôlé par les proprié-
tés mécaniques des roches hôtes. Ainsi, dans les faciès 
plutoniques, les minéralisations apparaissent sous 
forme de veines à quartz-sulfure de remplissage de 
faille ou d’extension dans les diorites et granodiorites, 
et sous forme de zones de cisaillement peu minéra-
lisées et riches en muscovite dans les monzogranites à 
grain grossier. 
Hormis les âges et les observations structurales, 
d’autres données étayent également le rôle passif 
attribué au batholite. Ainsi, la limitation des zones 
d’altérations à une bande étroite de quelques mètres 
voire centimètres autour des veines minéralisées con-
firme le fait que le pluton était déjà refroidi au moment 
de la minéralisation. De même, les compositions 
isotopiques de Pb et Sr des minerais et des minéraux 
de gangue, par leur composante crustale, indique que 
le fluide hydrothermal a une origine externe au 
batholite de Pataz, ce qui permet d’écarter le modèle 
co-génétique. Des arguments, comme la richesse en 
métaux de base et les fortes salinités des fluides, que 
Sillitoe et Thomson (1998) ont utilisé avec la nature du 
batholite pour classifier les gisements de Pataz comme 
co-génétiques, sont caducs, ces critères étant communs 
aux deux catégories de gîtes. En résumé, le batholite 
de Pataz se comporte uniquement comme un récep-
tacle très favorable par son orientation et sa rhéologie à 
la formation de veines épigénétiques. Il existe de 
semblables descriptions de relations épigénétiques 
entre veines d’or orogéniques et intrusions pour de 
nombreux autres gisements, notamment en Yilgarn, 
Australie (Ojala et al., 1993; Cassidy et al., 1998), sur 
la Péninsule de Jiaodong, Chine (Wang et al., 1998) et 
en Alaska (Goldfarb et al., 1998). 
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Modèle métallogénique 
Durant les vingt dernières années, cinq principaux 
modèles génétiques ont été élaborés pour expliquer la 
source primaire du fluide transportant l’or dans les 
gisements orogéniques (McCuaig et Kerrich, 1998; 
Ridley et Diamond, 2000). Ces fluides proviendraient 
(i) d’une dévolatilisation lors d’un métamorphisme 
prograde (Kerrich et Fyfe, 1981), (ii) d’intrusions 
granitiques profondes ou dômes anatectiques (par ex., 
Burrows, 1986), (iii) d’un dégazage du manteau et de 
la granulitisation de la croûte inférieure qui s’en suit 
(Cameron, 1988; Colvine, 1988; Fyon et al., 1988), 
(iv) de la libération de fluides lors de la mise en place 
de lamprophyres (Rock et al., 1989), ou (v) d’eaux 
météoriques ayant percolé jusque dans la croûte 
profonde (Nesbitt et al., 1989). Dans les paragraphes 
suivants, nous montrerons, sur la base de nos données 
d’âges, des événements géologiques régionaux et des 
traceurs isotopiques, qu’il est difficile voire impossible 
de donner une préférence au modèle métamorphique 
ou magmatique pour la genèse des fluides ayant formé 
les gisements de Pataz. 
Les données d’âges isotopiques disponibles dans la 
région de Pataz suggèrent que l’événement minérali-
sateur est de 4 à 17 millions d’années plus jeune que le 
batholite de Pataz. Un tel intervalle, couplé à des 
arguments structuraux et isotopiques, a été utilisé pour 
rejeter tout modèle invoquant des fluides magmati-
ques-hydrothermaux dérivant de l’emplacement du 
batholite de Pataz. Au regard de l’histoire de la Cordil-
lère Orientale du Centre-Nord du Pérou (Encart 1 et 
Fig. 1.6), il n’y a pas non plus d’activité volcanique ou 
de métamorphisme régional qui soient contemporains 
avec l’hydrothermalisme. Le seul événement, d’impor-
tance régionale, synchrone avec l’époque de minérali-
sation (≥314-312 Ma) est l’exhumation temporaire de 
la marge convergente à la limite Mississippien-
Pennsylvanien. Cette observation géologique couplée 
avec les résultats des analyses isotopiques du plomb 
suggère que l’origine des minéralisations de Pataz est à 
rechercher dans des processus crustaux. Toutefois, le 
traçage isotopique des fluides n’a pas permis 
d’identifier la nature du processus -c’est-à-dire s’il est 
magmatique, métamorphique ou autre- qui a permis la 
libération des fluides métallifères et de l’or impliqués 
dans la genèse de ces gîtes. Les inclusions fluides 
semblent indiquer que plusieurs processus ont agi soit 
conjointement soit successivement durant la minéra-
lisation (Fig. 4.11). Dans un article de synthèse, Ridley 
et Diamond (2000) constatent de pareilles difficultés 
dans l’interprétation des traceurs isotopiques et 
géochimiques pour déterminer la source primaire du 
fluide transportant l’or. 
Si l’on compare les résultats de cette étude avec les 
modèles généraux élaborés pour les gisements d’or 
orogéniques (Kerrich et Wyman, 1990; Kerrich et 
Cassidy, 1994; Goldfarb et al., 1998, 2001; Groves et 
al., 1998, Kerrich et al., 2000), la province aurifère de 
Pataz apparaît comme un nouvel exemple de 
circulation de fluides minéralisés liée à une thermicité 
anormale dans un contexte de marge convergente. Tout 
mécanisme d’ampleur crustal, pour autant qu’il aug-
mente de manière significative le gradient thermique 
de la marge, est susceptible d’être impliqué dans la 
genèse des veines aurifères de Pataz. Pour les 
gisements d’or orogéniques en Alaska, plusieurs 
moteurs thermiques ont été proposés, dont une fusion 
partielle du manteau asthénosphérique, une dévola-
tilisation (métamorphique) de roches de la croûte, un 
magmatisme profond, une ride en voie de subduction, 
et une période d’extension durant un “slab rollback” 
(Hauessler et al., 1995; Goldfarb et al., 1997, 1998). 
Dans le cas de Pataz, il est envisageable, comme 
l’indique le contexte d’exhumation, de relier la minéra-
lisation aux processus de rééquilibrage de la marge 
convergente consécutifs à son épaississement. Les 
mécanismes crustaux associés au rééquilibrage 
produiraient à la fois un changement des conditions 
tectoniques, ce qui permettrait d’ouvrir ou de réouvrir 
des drains, et une anomalie thermique susceptible (i) 
de faire fondre du matériel crustal et générer ainsi des 
magmas de type lamprophyre, et (ii) d’initier une suite 
de processus magmatiques ou/et métamorphiques 
conduisant à la libération par dévolatilisation crustale 
de larges quantités de fluides hydrothermaux aquo-
carboniques. Durant leur ascension le long d’accidents 
tectoniques, les fluides libérés lessivent les drains et 
acquièrent leur composition isotopique d’un mélange 
des lithologies traversées. A une profondeur de 16 ±5 
km, ces fluides sont chenalisés le long de failles 
inverse-dextres et de fentes de tension en bordure du 
batholite et, dans une moindre mesure, le long des 
plans de stratification dans les séries turbiditiques. Au 
cœur de ces structures, ils déposent du quartz et de 
l’ankérite sous forme de veines, et en bordure, ils 
altèrent les épontes sur quelques centimètres à mètres. 
Les fluides modérément salins et dépourvus de CO2, 
qui succèdent aux fluides aquo-carboniques, ont 
percolé le long des structures quartzeuses et ont 
déchargé leur contenu en métaux, les minéralisant de 
pyrite et arsénopyrite (P1). A moindre profondeur (5 à 
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10 km), des eaux à température et salinité plus faibles 
d’origine superficielle ont pénétré dans le système, et 
progressivement dilué et refroidi les saumures ascen-
dantes. Ce mélange de fluides et la diminution de 
l’activité en soufre qui s’en suit apparaissent comme 
les principaux mécanismes qui ont provoqué la disso-
ciation du complexe Au(HS)2-, et donc son dépôt à 
environ 330°C (géothermométrie isotopique du soufre) 
sous forme d’or natif et d’électrum en compagnie de 
sphalérite et galène (P2) dans les fractures de la pyrite, 
de l’arsénopyrite et du quartz laiteux. En sus du 
mélange de fluides, des phénomènes électrochimiques 
peuvent également faciliter le piégeage de l’or au 
contact de sulfures précoces microfissurés. 
En conclusion, vu le contexte géotectonique de 
marge convergente en voie d’exhumation, l’âge tardi-
cinématique de la minéralisation et le rôle passif du 
batholite, les veines aurifères de Pataz appartiennent 
typiquement à la classe des gisements dits orogéniques 
(Groves et al., 1998). Elles possèdent de nombreux 
points communs notamment avec les gisements d’or 
orogéniques d’âge Paléozoïque moyen à supérieur mis 
en place dans des plutons granitiques. Les gisements 
équivalents les plus semblables sont, si l’on excepte le 
cadre géodynamique, le district aurifère de St-Yrieix 
en France (Bouchot et al., 1989, 1997) et celui de 
Charters Towers en Australie (Peters et Golding, 
1989), avec lesquels Pataz partage une remarquable 
convergence dans les relations veine-intrusion, le style 
des veines et la nature des paragenèses et altérations. 
Parmi les observations récurrentes les plus intéres-
santes, l’intrusion, malgré son rôle génétique passif, 
exerce un contrôle lithogéochimique et rhéologique sur 
l’altération et la morphologie de la veine, et l’or est 
introduit tardivement dans la veine et précipite en 
association avec du quartz microgranulaire et des 
sulfures de Pb-Zn-Cu. En reconsidérant les âges 
isotopiques, il n’y a pour ces gisements d’or, aucune 
preuve de lien génétique entre les plutons affleurant en 
surface et la minéralisation filonienne. Si un modèle 
magmatique tient à être invoqué pour le fluide 
hydrothermal, il sera alors nécessaire d’impliquer des 
intrusions granitiques ou des dômes anatectiques 
profonds et contemporains avec les veines aurifères. 
Perspectives 
L’étude des gisements d’or orogéniques de Pataz a 
montré que ces minéralisations s’étaient formées en 
réponse à des mécanismes géologiques de grande 
ampleur, qui seraient associés à l’exhumation d’une 
marge convergente. Afin de décrypter ces processus, 
encore méconnus, il serait pertinent de baser de futures 
recherches sur une perspective régionale, en essayant 
de mieux définir le cadre géodynamique à l’époque de 
la minéralisation. Une meilleure compréhension de ce 
contexte requiert des projets pluridisciplinaires à 
l’échelle de la Cordillère Orientale du Centre-Nord du 
Pérou, avec notamment de nouveaux levés géologiques 
comprenant une redéfinition des séquences stratigra-
phiques, et la mise en oeuvre d’un programme de 
datations isotopiques des événements magmatiques, 
métamorphiques et hydrothermaux. Le but ultime de 
ses recherches serait, dans un cadre métallogénique, (i) 
de développer des outils pour prédire les endroits les 
plus propices à renfermer de riches minéralisations 
aurifères, et (ii) de définir les facteurs géotectoniques 
et les événements thermiques qui ont permis que la 
province étudiée ait des ressources en or dépassant les 
40 millions d’onces. 
L’objectif d’un second pôle de recherche serait 
d’affiner le modèle génétique des gisements de Pataz, 
en précisant l’origine et le cheminement des fluides et 
métaux. Parmi les récents développements analytiques, 
l’analyse multi-élément d’inclusions fluides par sonde 
ionique, et le traçage isotopique à l’aide de nouveaux 
éléments et des gaz nobles apparaissent comme les 
outils les plus efficaces pour mieux cerner les sources 
et compositions des fluides ayant transporté l’or et les 
métaux de base. Ces études géochimiques pourraient 
être optimisées en effectuant des mesures sur des 
échantillons orientés et en comparant des données sur 
des veines minéralisées et des veines stériles. L’ens-
emble des données analytiques devrait par la suite être 
intégré dans une représentation spatiale de l’environ-
nement de dépôt, qui comprendrait une modélisation 
des flux et drains hydrothermaux et de la diversité 
lithologique du substratum. L’acquisition de données 
géophysiques sur le bâti géologique et les accidents 
tectoniques faciliterait l’établissement de ce modèle. 
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ABSTRACT: The Eastern Cordillera of northern Peru (6 to 12°S) is a critical and relatively neglected region of the Paleozoic 
Andean orogenic belt. This paper presents new field and geochemical data from the Pataz region (7°40’-8°10’S), and compares the 
existing information with other parts of the Eastern Cordillera to decipher the Paleozoic evolution of the northern Peruvian margin. In 
the studied area, the pre-Silurian strata overlie Lower and Middle Proterozoic cratonic areas and encompass the three following units: 
(1) a polydeformed paragneiss and paraschist basement, redefined as the Marañón complex sensu stricto, (2) a volcanoclastic unit, 
composed of presumably Upper Cambrian-Lower Ordovician sandstones, ignimbrites and basaltic to andesitic layers, locally named 
the Vijus Formation, and (3) an upper turbiditic sequence, comparable to the Contaya Formation. The lower Paleozoic cover was 
weakly deformed during a NW-SE, presumably Late Ordovician-Early Silurian, collisional phase, and then during the Late Devonian 
“Eohercynian” NE-SW compression. Voluminous calc-alkaline batholiths, composed of diorite, granodiorite, monzogranite, aplite 
and late lamprophyre intruded the basement during the Mississippian. Trace and rare earth element geochemistry are consistent with 
an emplacement of the I-type Pataz Batholith in a subduction-related environment; lead and strontium isotopes indicate an extensive 
incorporation of crustal material in a mantle-derived magma. These plutonic rocks, together with the Ordovician slates, are the host 
for orogenic gold lodes dated at ∼314 Ma. The mineralization event is a late marker of crustal processes, and suggests an uplifting 
convergent margin and an addition of heat into a thickened crust. To the west, the Eastern Cordillera is bordered by the NNW-striking 
Marañón tectonic trough and a succession of semi-grabens, which contain Permo-Carboniferous molasse sequences and relatively 
thin Mesozoic units crop out. The Permo-Carboniferous units are composed of (a) late Mississippian epicontinental molasse 
sequences of the Ambo Group with pillow-lava basalt and grabbroic sill intercalations, (b) a reduced Pennsylvanian(?)-Lower 
Permian carbonate shelf sequence comparable with the Copacabana Group, and (c) the Upper Permian to Lower Triassic red 
continental molasses of the Mitu Group. 
We propose that the northern Peruvian Eastern Cordillera, which was in a back-arc position during early Paleozoic, constitutes the 
remains of a foreland fragment of an Upper Ordovician-Lower Silurian orogenic belt. A conspicuous lull of lower Paleozoic fore-arc 
and arc plutons and sedimentary series ensues probably from the detachment of the internal part of the belt and of the northern 
prolongation of the Arequipa-Antofalla terrane following the Mississippian transtensional phase and the Permo-Triassic rifting event. 
These tectonic movements leading to the break-up of terrane(s) left a craton-free domain underneath the Western Cordillera, which is 
characterized by the absence of a highly radiogenic crustal component in the strontium and lead isotope compositions of the Upper 
Cretaceous-Tertiary Coastal Batholith between Pisco and Chimbote. An allochthonous terrane that could be a part of the missing 
orogenic belt is the Oaxaca-Acatlán composite terrane, presently located in Mexico. 
 
 
I.1 Introduction 
The Eastern Cordillera of northern Peru is a major part 
of a lower Paleozoic orogenic belt (Dalmayrac, 1978; 
Mégard, 1978; Dalmayrac et al., 1980; Laubacher and 
Mégard, 1985), which is often neglected due to the 
paucity of available geological information. This vast 
area of Proterozoic and Paleozoic rocks coincides with 
the geographical and structural domain lying between 
6 and 12°S on the eastern side of the Marañón Valley 
and that continues east of the towns of La Unión, 
Cerro de Pasco and La Oroya (Fig. 1). In the last 
decade, the study of this cordillera, and particularly the 
Pataz region, has experienced a renewed interest with 
the purpose of understanding the geological frame-
work of the Carboniferous calc-alkaline plutonism, and 
of the spatially associated “orogenic” (also called 
mesothermal or structurally-hosted, e.g., Groves et al., 
1998) gold deposits. The deposits form the Pataz gold 
province that includes the Bolívar, Pataz, Parcoy and 
Buldibuyo districts (Schreiber, 1989; Schreiber et al., 
1990; Vidal et al., 1995; Macfarlane et al., 1999;  
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Fig. 1 - Simplified map of Peru with the location of the 
orogenic belt defined as the Eastern Cordillera of northern Peru 
(hatched area) and the supposed terrane boundaries. Terrane 
abbreviations: AA = Arequipa Antofalla terrane, AM = 
Amotape terrane, LO = Loja-Olmos terrane, WA = Western 
Amazonian craton. Numbered towns on the map: 1 = Chacha-
poyas, 2 = Chimbote, 3 = La Unión, 4 = Huánuco, 5 = Cerro de 
Pasco, 6 = Tarma, 7 = La Oroya, 8 = Pisco. 
Haeberlin et al, 2000a,b, 2002). The existence of both 
calc-alkaline plutonism and “orogenic” gold deposits 
is consistent with a convergent plate boundary situa-
tion, an environment that has to be reconciled with the 
present-day inland position of the Eastern Cordillera 
and the inferred geometry of the cratonic areas in Peru. 
Such a prerequisite has led us to evaluate the possible 
terrane accretion and rifting events along the proto-
Andean margin of northern Peru during the Paleozoic, 
and to reconsider the boundaries of the Proterozoic 
shields in northern Peru. 
In their Paleozoic geodynamic reconstruction of 
northwestern Argentina and northern Chile, Bahlburg 
and Hervé (1997) proposed a scenario contrasting mar-
kedly with the multiple accretionary history of central 
Argentina and central Chile, where terranes were 
accreted to the continental margin in both the Late 
Ordovician and Late Devonian (reviews in Pankhurst 
and Rapela, 1998). Bahlburg and Hervé (1997) suggest 
on the basis of a lull in magmatic and metamorphic 
activity from Early Silurian to Late Carboniferous that 
during this period there was, in this region, a passive 
margin subsequent to the rifting of the northwestern 
prolongation of the Arequipa-Antofalla terrane. The 
possible existence of a Paleozoic “Pacific” microconti-
nent offshore of Peru and northern Chile is an idea first 
suggested by Burckhardt (1902). This assumption, wi-
dely accepted in the subsequent literature (Steinmann, 
1923; Miller, 1970; Isaacson, 1975; Dalmayrac et al., 
1980; Bahlburg, 1993), is based mainly on a tectonic 
boundary recognized at the latitude of the Paracas 
Peninsula, which limits the northern extension of the 
Arequipa-Antofalla terrane (Fig. 1), and on eastward-
directed paleocurrents observed in Devonian to Lower 
Carboniferous molasse sequences (Isaacson, 1975; 
Dalmayrac et al., 1980; Bahlburg and Hervé, 1997). 
Nonetheless, details on the present-day position of the 
missing block and on its rifting history are limited. The 
microcontinent break-up from the Arequipa-Antofalla 
terrane is ascribed either to Devonian-Carboniferous 
dextral strike-slip tectonism (Mégard, 1973; Bahlburg 
and Hervé, 1997) or to Permo-Triassic ensialic rifting 
(Miller, 1970; Dalmayrac et al., 1980). Similarly, its 
present-day location was initially controversial, with 
much of the circum-Pacific region a possibility 
(Dalmayrac et al., 1980). More recent studies of 
Laurentia-Gondwana interactions suggest a Central 
America position (Dalziel et al., 1994; Bahlburg and 
Hervé, 1997; Ramos and Aleman, 2000). 
The modern basement of Peru is composed of a 
Proterozoic shield, named the Western Amazonian or 
Brazilian craton (Fig. 1, Tassinari et al., 2000), which 
is sutured to the southeast with the para-autochthonous 
Arequipa-Antofalla terrane (Dalziel et al., 1994; 
Wasteneys et al., 1995), and to which are accreted to 
the north the Amotape and Loja-Olmos terranes 
(Mourier et al., 1988; Litherland et al., 1994). The 
extent of the northern terranes and of the Arequipa-
Antofalla terrane is relatively well defined, but the 
western border of the Western Amazonian craton is not 
certain. According to Nd model ages and zircon dates 
(Macfarlane, 1999), the Western Amazonian shield has 
been recognized in northern Peru under the Eastern 
Cordillera and under the Western Cordillera north of 
Trujillo. On the other hand, several strontium and lead 
isotope studies (Beckinsale et al., 1985; Mukasa and 
Tilton, 1985; Mukasa, 1986a; Soler and Rotach-
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Toulhoat, 1990a,b; Macfarlane et al., 1990, Petford et 
al., 1996) have revealed that roots of the Lima segment 
of the Coastal Batholith do not provide Proterozoic 
basement signatures. Mukasa and Tilton (1985) 
concluded that these differences could be the 
manifestation of a fundamental difference in the age, 
composition and thickness of basement rocks into 
which the Lima segment of the Coastal Batholith is 
emplaced. Their assumption is supported by the 
absence of inherited Proterozoic zircon ages in the 
Western Cordillera between Pisco and Chimbote 
(Mukasa, 1986b). These isotopic data may suggest that 
the Arequipa-Antofalla terrane does not extend far to 
the north of its surface exposures (Macfarlane et al., 
1990), and, consequently no Proterozoic continental 
crust exists westward of the Eastern Cordillera of 
northern and part of central Peru. 
New field observations as well as geochemical and 
geochronological data from the Pataz region (7°40’-
8°10’S) presented here may contribute to unravel the 
intricate evolution of the northern Peruvian continental 
margin during Paleozoic times Emphasis is on the 
Neoproterozoic to Early Triassic geology with a revi-
sion of the lithostratigraphic column, a characterization 
of the plutonic, volcanic and tectonic events, and an 
examination of tectonic hiatus and magmatic gaps. For 
the sake of simplicity, the description is subdivided 
into the following four tectono-sedimentary cycles: 
pre-Middle Cambrian, Late Cambrian to Devonian, 
Mississippian to early Pennyslvanian, and late Penn-
sylvanian to Early Triassic. Special attention will be 
devoted to the description of the poorly known pre-
Silurian basement and cover sequences. Comparisons 
are made with Paleozoic units in central Peru 
(Dalmayrac, 1978; Mégard, 1978; Dalmayrac et al., 
1980; Laubacher and Mégard, 1985), and to a minor 
extent with the Famatinian belt in northern Argentina 
(Bahlburg and Hervé, 1997; Pankhurst and Rapela, 
1998; Rapela et al., 1998a; Ramos, 2000). A synthesis 
of all the regional observations leading to a new 
Cambrian to Early Triassic geotectonic model and 
applicable from 6 to 12°S, will be presented. The 
synthesis establishes Paleozoic northern Peru as an 
area with successive back-arc, collisional, foreland, 
transtensional and rifting settings. This scenario has 
consequences for the understanding of (1) the 
distribution of the Proterozoic basement and the 
Paleozoic allochthons and plutonic belts in Peru, (2) 
the post-Paleozoic basin development and Andean 
deformation, (3) the original position of some 
allochthonous terranes presently forming part of 
Central America, and (4) the distribution of mineral 
resources in northern and central Peru. 
I.2 Previous studies in the Pataz region 
Most of the geological studies undertaken in the Pataz 
area primarily focused on gold mineralization. The 
first major contribution (Tarnawiecki, 1929) is devoted 
to the gold deposits and their mining feasibility, and 
only briefly mentions the regional geology. It was only 
in the 1960’s that the regional geology of the Pataz-
Parcoy-Buldibuyo area was first mapped. Wilson and 
Reyes (1964) published the 1:100'000 scale Pataz 
quadrangle map, and then Wilson et al. (1967) mapped 
the Buldibuyo area with the 1:200’000 scale 
Tayabamba quadrangle. These maps included accurate 
lithostratigraphic columns of the Mesozoic units but 
only rough descriptions of the Paleozoic rocks. Later 
on, in addition to an overview of the gold minerali-
zation in the Pataz area, Lochmann (1985), Schreiber 
(1989) and Schreiber et al. (1990) focused their 
fieldwork on the pre-Silurian substratum of the Eastern 
Cordillera. This included major changes from previous 
published works. The map of the Pataz region 
presented in this work (Fig. 2) is primarily based on 
their work but also includes some revision, and own 
and unpublished data from mine reports. To the south, 
in the Parcoy district area, Vidal et al. (1995) and 
Macfarlane et al. (1999) documented the geological 
and structural setting of the auriferous veins, 
determined new radiometric ages, and evaluated the 
source(s) of the metals in the veins. Finally, during the 
last six years, several quadrangle maps dealing with 
the poorly known regions surrounding Pataz have been 
published and provide new data about the lower 
Paleozoic geology of the Eastern Cordillera (Sánchez, 
1995; Allende, 1996; Jacay, 1996; Sánchez and Jacay, 
1997; Martinez et al., 1998; Sánchez and Herrera, 
1998; Sánchez et al., 1998). 
I.3 Basement of the Eastern Cordillera 
I.3.1 Nomenclature problems 
Steinmann (1929), in one of his first contributions 
dedicated to Peruvian geology, recognized in the 
region from the northeast of Huánuco to the Huallaga 
River a “Phyllitformation”, composed of phyllites, 
mica schists and minor volcanic intercalations, as the 
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upper part of the Precambrian basement of the Eastern 
Cordillera. In the Pataz area, Wilson and Reyes (1964) 
observed the continuity of the aforementioned 
lithologies, and postulated that part of these sequences 
could also have a Cambrian age. They named the basal 
tightly deformed metapelite member and the overlying 
volcanoclastic sequences to be the Marañón complex. 
They correlated the overlying upper turbitidic 
sequence, on the basis of its fossil content, with the 
Contaya Formation. Subsequently, Wilson et al. 
(1967), Schreiber (1989), and Vidal et al. (1995) used 
the term Marañón complex, for either a part or all of 
the pre-Silurian lithologies (Table 1). Diverging from 
the former uses, in this work, we will redefine the term 
Marañón complex to include only the lower strongly 
deformed polymetamorphic basement (Table 1), which 
contrasts with the weak foldings observed in the 
overlying units. We assign the weakly metamorphosed 
volcanic rocks in the center of the section to a new 
defined Vijus Formation, since they were deposited at 
the beginning of a separate orogenic cycle that lasted 
from Middle Cambrian to Late Ordovician (Table 1). 
The upper turbiditic sequences, as originally proposed 
by Wilson and Reyes (1964), are part of the 
Ordovician Contaya Formation. 
Overall, this nomenclature is comparable to the 
subdivisions defined in Dalmayrac et al. (1980) for the 
pre-Silurian lithologies outcropping in central Peru. 
There is, however, a major discrepancy on the position 
of the contact between the Proterozoic polymeta-
morphic substratum and the lower Paleozoic sequences 
(Table 1). Some volcano-sedimentary lithologies in-
cluded in the Precambrian basement by the former 
authors, such as the intercalated slate and quartzite and 
the lower metamorphic tuff and metagraywacke 
sequences, resemble facies that are now considered 
Middle Cambrian to Ordovician in the Pataz area. In 
view of this ambiguity, the supposed Precambrian age 
of peridotites and other ultrabasic rocks intercalated in 
this sequence, lacking in the Pataz region, but widely 
known to the south close to Huánuco (Aumaître et al., 
1977; Grandin and Zegarra, 1979), could be reconsi-
dered (see below). 
I.3.2 Marañón complex 
The redefined Marañón complex outcrops near Pataz 
as sparsely vegetated terrain in valley bottoms, and 
mainly consists of grey phyllites, with minor 
intercalations of mica and graphitic schists. The 1000 
to 1500-m-thick sequence underwent regional green-
schist to lower amphibolite metamorphism during four 
successive stages of deformation. Schreiber (1989) 
documented that the main penetrative schistosity (Sp) 
encloses remnant inclusions with a discordant older 
foliation (Sp-1), and is in turn overprinted by a semi-
penetrative crenulation cleavage (Sp+1), and then by a 
weak, discontinuous cleavage (Sp+2). Considering the 
similarities of the microstructures and lithologies, the 
Marañón complex can be considered as the northern 
continuation of the also polydeformed but higher 
metamorphic grade paraschists and paragneisses out-
cropping from 9° to 13°45’S in central Peru (Bard et 
al., 1974; Mégard, 1978; Zeil, 1983). The only abso-
lute dates available for these high-grade rocks are U/Pb 
ages between 630 and 610 Ma, which were obtained 
by Dalmayrac et al. (1980) on a granulitic gneiss 
collected 90 km east of Huánuco. Consequently, until 
further dating, the attribution of a Late Proterozoic age 
to this metamorphic event remains questionable and, 
following the example of the Argentinean Sierras 
Pampeanas and Eastern Cordillera, where the base-
ment was metamorphosed during the Early to Middle 
Cambrian Pampean orogen (Rapela et al., 1998b and 
references therein), a Cambrian age also could be con-
sidered for this polyphasic tectonics. A Late Protero-
zoic to Early Cambrian age therefore, is retained here 
for the deposition of the Marañón complex pelites. 
The presence of Lower and Middle Proterozoic 
basement under the phyllites of the Marañón complex 
has been identified through neodymium isotopic 
studies and inherited zircon ages (Macfarlane, 1999; 
Macfarlane et al., 1999). The 2.06-1.43 Ga Nd model 
ages obtained on schist samples have been interpreted 
as ancient basement (>1.9 Ga) to depleted mantle-
derived material during the Grenville orogen (Macfar-
lane, 1999). The presence of inherited zircons with 
ages of ~1.1 Ga in the Mississippian Pataz Batholith 
appears consistent with this scenario (Macfarlane et 
al., 1999). Geologically, this could mean that a major 
suture zone is hidden underneath the Eastern 
Cordillera or the Marañón Valley in northern Peru. To 
the east, lies the Western Amazonian craton, with ages 
between 1.8 and 1.0 Ga (Tassinari et al., 2000), and, to 
the west of the suture, remnants of a ~2.0 Ga old 
basement may define the Arequipa-Antofalla terrane. 
 
 
Fig. 2 - Geological map of the Pataz region (La Libertad, Peru) modified after Schreiber (1989). 
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I.4 Cambrian to Devonian period 
In northern Peru, the early Paleozoic record consists of 
thin volcano-sedimentary sequences of Cambrian to 
Ordovician age, unconformably overlying the 
Marañón complex. The  ≤1200-m-thick, predominan-
tly volcanic series, but with a detritic basal sedimen-
tary rock base, is defined here as the Vijus Formation. 
The upper turbiditic sequence, because of facies and 
fossil analogies with central Peru sections, is assigned 
to the Contaya Formation (Table 1, Fig. 3). Silurian 
and Lower Devonian rocks are not represented near 
Pataz, but during this period, the Cambro-Ordovician 
lithologies underwent two moderate folding phases. 
I.4.1 Middle Cambrian to Ordovician 
sequences 
The contacts of the Vijus Formation with the 
underlying Marañón phyllites and the overlying 
Contaya turbidites are often not clear. The Vijus 
lithostratigraphic type section (Fig. 3), which was 
surveyed in the sequences outcropping near the village 
of this name (Fig. 2) and corresponds broadly to the 
“Metavulkanite” unit of Schreiber (1989, Table 1), is 
characterized by lower alternating purplish sandstones, 
conglomerates and thin black shale layers, that lack 
fossils. This lithology has similarities with the defined 
Upper Cambrian sedimentary series, known as the 
Mesón Group, exposed in northern Argentina 
(Bahlburg and Breitkreuz, 1991). The detritic deposits 
give gradually way to grey-brown, strongly-weathered, 
massive ignimbrite with rhyolitic to dacitic compo-
sition and volcanic arc affinity. The pyroclastic flows 
are overlain, in turn, by greenish basaltic to andesitic 
lavas, with calcic plagioclase, diopside, hornblende 
and minor biotite. These lavas, initially described as 
meta-andesites by Wilson and Reyes (1964), are the 
products of submarine volcanism as evidenced by 
some preserved pillow structures (Schreiber, 1989). 
They display an ocean ridge-compatible geochemical 
signature with, however, an anomalous enrichment in 
large-ion lithophile elements (Table 2). Using a 
MORB-normalized spider diagram (Fig. 4a), the trace 
element patterns suggest they are back-arc basalts. In 
addition to the area from Llaupuy to Suyubamba 
where it was originally mapped as “Metavulkanite” 
unit by Schreiber (1989), the Vijus Formation may 
continue to the Upper Marañón Valley, where several 
volcanic lenses in a comparable stratigraphic position 
are briefly reported (Allende, 1996; Jacay, 1996). In 
Central Peru, more pertinent similarities and correla-
tions of the Vijus Formation area those with the Cozo 
Series northwest of Huánuco, the Hilarniyocc Series 
southeast of Jauja (V. Benavides, written comm., 
2001) and the thoroughly documented Ollantaytambo 
Series near Cuzco (Marocco, 1978). The Vijus 
Formation shares also stratigraphic and petrographic 
characteristics with the lower Paleozoic volcano-
sedimentary sequences of the Famatina system in 
northern Chile (Breitkreuz et al., 1989) and in 
northwestern Argentina (Saavedra et al., 1998). 
South of Pataz, in addition to basaltic lavas and 
pyroclastic rocks of the Vijus Formation, numerous 
serpentinite, peridotite, amphibolite and other ultrama-
fic lenses are documented between 8°15’ and 11°30’S 
(Wilson et al., 1967; Aumaître et al., 1977; Grandin 
and Herrera, 1979; Vidal et al., 1995; Jacay, 1996). 
These small ultramafic bodies, unconformably covered 
by black slates presumably belonging to the Contaya 
Formation, have been traditionally considered as late 
Precambrian to Cambrian on the weak evidence that 
their main folding phase is consistent with the second-
stage of deformation observed in the Precambrian 
phyllites (Carlier et al., 1982). In view of the redefini-
tion of the Marañón complex (Table 1) and the age 
uncertainty of the deformation stages, the former age is 
questionable, and a younger Cambro-Ordovician age is 
also conceivable for these ultrabasic bodies. Further-
more, on the basis of their emplacement as thrust 
slices, the widespread serpentinization, and the 
tholeiitic whole rock geochemistry, these small bodies 
are seen as a possible dismembered ophiolitic belt. 
Rocks of the Marañón complex and the Vijus 
Formation are overlain with an angular unconformity 
and then by the 200- to 600-m-thick siliciclastic 
sedimentary rocks of the Contaya Formation. In the 
studied area, the lithostratigraphic column (Fig. 3), 
following the description in Dalmayrac (1978), begins 
with thinly bedded massive quartzites, dark sandsto-
nes, and grey slates that underwent a lower greenschist 
metamorphism. This basal sequence, in spite of the 
apparent lack of fossils, is attributed to the Arenigian 
(Dalmayrac et al., 1980). Upward, outcrops of the 
Contaya Formation display the traditional Ordovician 
facies described throughout Peru, and consist of 
slightly metamorphosed black slates, sandstones and 
few quartzites, assembled in 10-m-thick turbiditic 
cycles. The presence of a graptolite fauna, with Didy-
mograptus sagitticaulis, Climacograptus ruedemanni, 
Diplograptus sp., and Dictionema sp. (Wilson and 
Reyes, 1964), in the aforementioned middle and upper
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Table 2 - Representative whole rock geochemical analyses of the Pataz Batholith (Cm-pb), of ferrogabbros (C?-gb) and a basalt 
(Ci-b) of the Ambo Group, and of metabasalts of the Vijus Formation (E-v). 
 Rock  Diorite Granodiorites Monzogranites Aplite  Lamprophyres  Ferrogabbros Basalt Metabasalts  
 Unit  Cm-pb Cm-pb Cm-pb Cm-pb Cm-pb Cm-pb  Cm-pb Cm-pb  C-gb C-gb C-b E-v E-v  
Sample #  YPP 03 YLL 01 YPP 01 YEX 31 YSF 20 YSF 19  YTN 30 YTN 32  YEX 38 YEX 43 YEX 74 YSF 37 YSF 46  
 Major SiO2 54.31 65.67 66.86 68.15 71.26 74.78  47.50 53.27 48.82 46.81 45.70 47.90 47.98  
 elements a TiO2 1.25 0.51 0.55 0.36 0.22 0.19  0.56 0.70 1.70 1.48 1.25 2.23 1.85  
 (wt %) Al2O3 17.10 16.44 15.56 14.95 14.12 13.77  10.23 11.26 17.60 16.11 14.51 13.18 14.14  
  Fe2O3 9.06 4.20 4.54 3.59 1.94 1.88  9.27 7.50 11.92 11.52 11.76 15.06 12.44  
  MnO 0.17 0.07 0.08 0.08 0.03 0.05  0.14 0.15 0.15 0.26 0.18 0.26 0.17  
  MgO 3.28 1.02 1.21 0.98 0.36 0.42  17.55 10.05 3.83 6.57 6.91 6.06 6.98  
  CaO 7.05 3.86 3.78 2.35 2.06 1.47  8.17 10.06 6.99 9.25 11.35 10.72 8.41  
  Na2O 2.84 4.24 4.12 3.32 3.47 3.36  0.96 1.84 4.93 3.19 3.08 2.53 2.77  
  K2O 2.03 2.31 1.85 3.48 4.10 3.62  0.76 1.07 0.29 0.80 0.16 1.14 0.54  
  P2O5 0.36 0.13 0.15 0.14 0.05 0.07  0.13 0.11 0.17 0.16 0.10 0.25 0.19  
  LOI 1.59 0.91 1.19 1.46 0.47 0.55  3.56 2.81 3.15 2.96 3.57 1.10 4.97  
  Total 99.23 99.54 100.06 99.03 98.30 100.35  99.08 99.02 99.70 99.27 98.71 100.70 100.68  
 Trace Nb 12 11 15 8 9 11  8 8 8 6 4 10 9  
 elements a Zr 211 239 251 139 142 104  65 72 125 101 78 126 101  
 (ppm) Y b 43 34 30 23 16 19  13 19 29 27 30 41 29  
  Sr 268 232 215 247 169 135  69 137 431 280 109 189 203  
  U b 1.2 1.8 1.9 1.3 1.6 2.0  0.4 1.1 0.3 0.2 <0.1 5 4  
  Rb 70 98 76 130 128 150  31 51 5 27 16 77 28  
  Th b 7.5 14.7 13.5 10.7 12.8 16.0  2.4 4.4 1.6 1.1 0.3 10 11  
  Pb 15 18 18 34 24 34  34 37 9 9 19 47 36  
  Ga 21 19 18 20 16 15  15 16 20 19 18 21 19  
  Zn 97 65 61 48 36 29  77 64 79 80 77 358 122  
  Cu 15 9 7 7 7 7  16 5 96 59 84 184 72  
  Ni 6 4 3 5 3 5  448 100 34 78 74 94 98  
  Co 48 53 74 75 124 68  73 53 45 53 59 61 60  
  Cr 37 22 23 68 10 21  1216 965 34 170 262 204 331  
  V 168 50 53 44 15 16  201 270 317 300 349 451 375  
  Ba 650 712 607 700 1349 1159  162 100 153 294 208 143 290  
 Rare earth La 32.5 54.2 53.9 24.0 31.4 38.7  13.5 15.6 10.6 9.0 2.8 11 10  
 elements b Ce 74.5 104.0 104.0 45.4 61.4 66.8  25.8 31.8 23.4 20.4 7.9 22 19  
 (ppm) Pr 7.2 8.6 8.3 4.1 5.2 5.0  2.2 2.9 2.5 2.2 1.1 - -  
  Nd 38.9 40.3 38.7 20.2 24.9 21.3  11.5 14.7 15.3 14.0 7.8 13 10  
  Sm 8.8 7.6 7.2 4.5 4.7 3.7  2.6 3.3 4.3 3.7 3.0 - -  
  Eu 2.01 1.52 1.67 1.10 1.22 0.67  0.69 0.95 1.37 1.32 1.14 - -  
  Gd 8.3 7.5 6.7 4.4 4.0 3.6  2.5 3.4 4.7 4.1 3.7 - -  
  Tb 1.3 1.2 1.0 0.7 0.5 0.5  0.4 0.6 0.8 0.8 0.8 - -  
  Dy 7.8 6.3 5.5 3.9 2.9 3.0  2.3 3.3 5.1 4.6 5.0 - -  
  Ho 1.64 1.30 1.11 0.85 0.62 0.65  0.49 0.70 1.10 0.99 1.16 - -  
  Er 4.5 3.5 3.2 2.3 1.7 1.7  1.4 1.8 2.9 2.6 3.1 - -  
  Tm 0.7 0.5 0.4 0.3 0.3 0.3  0.2 0.2 0.4 0.4 0.5 - -  
  Yb 4.1 3.0 2.8 2.1 1.7 1.9  1.2 1.6 2.6 2.3 3.0 - -  
  Lu 0.62 0.44 0.43 0.31 0.27 0.27  0.17 0.25 0.37 0.32 0.43 - -  
a Major and trace elements (except Y, U, Th) were measured by X-Ray Fluorescence at CAM, University of Lausanne, Switzerland. 
b Y, U, Th, and rare earth elements were determined by Inductively Coupled Plasma emission mass spectrometry at XRAL Laboratories, Toronto, Canada. 
 
levels, indicates a Llandvirnian age, and deep marine 
sedimentation, as a result of basin subsidence. Any se-
dimentation ceased towards the end of the Ordovician. 
To our knowledge, there is no outcrop with Silurian 
or Devonian age in northern Peru north of 11°S, with 
the exception, possibly, of the folded Yanahuanca 
Series close to Huánuco (Dalmayrac, 1977; Dalmayrac 
et al., 1978). In central Peru, the Devonian is likely 
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Fig. 4 - Trace and rare earth element geochemistry of lower Paleozoic metabasalts from the Vijus Formation and of basalts and 
gabbros from the Ambo Group. (a) Rock/MORB spider diagram normalized with values of Pearce (1983), (b) REE plot normalized 
with average chondrite values of Boynton (1984). 
present within a flysch sequence in the lower to middle 
Paleozoic Excélsior Group that outcrop south of Tarma 
(Harrison, 1943) and at Yauli near La Oroya (Kobe, 
1986). These observations sharply contrast with the up 
to 5-km-thick detritic sedimentary Siluro-Devonian 
sequences mapped in southeastern Peru and Bolivia 
(e.g., Dalmayrac et al., 1980). In these conditions, 
there is no criterion for establishing whether in the 
studied region, Silurian and Devonian were not 
deposited because of an emersion or were entirely 
eroded during late Paleozoic. 
I.4.2 Middle Paleozoic compressive tectonics 
The lower Paleozoic lithologies, in particular the slates 
of the Contaya Formation are characterized by low-
grade regional metamorphic facies with a moderate 
amount of folds, and a structural style that differs 
significantly from the early penetrative foliation of the 
Upper Proterozoic to Lower Cambrian basement. The 
main schistosity (Sp), enclosing relict horizontal 
isoclinal folds (Fp-1), is subparallel to the bedding 
planes (S0), and is related to the generation of NE-SW-
trending fold structures with amplitudes and wave-
lengths of several hundred meters. This schistosity is 
overprinted by a coarse fracture cleavage (Sp+1), and by 
10-m-wide “en chevron” folds with axes plunging to 
the southeast. In the volcanic layers, the deformation 
patterns are less pronounced, and strong silicification 
and sericite recrystallisation are observed. In the 
underlying phyllites of the Marañón complex, crenu-
lation defined as Precambrian (Mégard, 1978), could 
possibly be consistent with the deformation phases 
observed in the Contaya Formation. In central Peru, 
where the lower Paleozoic units are thicker, Mégard 
(1973) obtained similar fold orientations, but with 
higher metamorphic grades and greater degrees of 
deformation. 
Since Silurian and Lower Devonian rocks are 
missing, it is not possible to accurately determine the 
age of deformational events that affected the lower 
Paleozoic sequences, except that these events took 
place sometime between Ordovician and Late Devo-
nian. As an early NW-SE compression has not been 
recognized in southeastern Peru (Dalmayrac et al., 
1980), a Late Ordovician-Early Silurian age is favored 
for the NE-SW folding by analogy with the age of the 
Oclóyic orogen in the Famantinian belt of Argentina 
(e.g. Rapela et al., 1998b). This is consistent with the 
assumption of Macfarlane (1999), who suggested on 
the basis of strontium isotopes that the Marañón 
complex (according to the definition of Wilson and 
Reyes, 1964, i.e. including the Vijus Formation) un-
derwent a non-pervasive metamorphic event towards 
the end of the Ordovician. The second tectonic phase, 
a NE-SW compression, although with minor expres-
sion in northern Peru, corresponds with the orientation 
of the main “Eohercynian” phase, defined as Late De-
vonian by Mégard (1978) and Dalmayrac et al. (1980). 
I.5 Mississippian to early Pennsylvanian 
period 
The Mississippian to early Pennsylvanian evolution of 
the Pataz area is characterized by emplacement of 
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voluminous calc-alkaline batholiths in the Eastern 
Cordillera, including the Pataz Batholith, gold vein 
formation, molasse sedimentation and associated 
volcanism in epicontinental basins to the west along 
the Marañón and Parcoy Valleys, and a phase of 
transtensional tectonism (Fig. 2). 
I.5.1 Pataz Batholith 
The Mississippian Pataz Batholith is a part of a giant 
composite calc-alkaline intrusion belt, which extends 
along the Eastern Cordillera north of 12°S (Laubacher 
and Mégard, 1985). The largely undeformed Pataz 
Batholith covers an area of approximately 70 km in 
length, and 3 to 8 km wide, and intrudes the pre-
Silurian metamorphic rocks. It is emplaced along a 
major NNW-trending fault zone that is parallel to the 
Marañón Valley (Fig. 2). Whereas Cenozoic volcanic 
rocks generally cover the batholith’s eastern margin, 
its western margin appears as an irregular, locally 
faulted contact lined by various small apophyses 
emplaced either through the slates or along the 
unconformity between the phyllites of the Marañón 
complex and the volcano-sedimentary rocks of the 
Vijus Formation. An up to 200-m-wide contact aureole 
formed surrounding the intrusion and, as a result, the 
bordering volcano-sedimentary facies are metamor-
phosed to garnet/biotite hornfels. 
The following descriptions of the Pataz Batholith, 
collected mainly on the northern Pataz mining district, 
are from Schreiber (1989) and this study. According to 
Schreiber (1989), two main facies of granitoids and 
two populations of late dikes are included under the 
term Pataz Batholith. The small apophyses at the 
margins of the batholith, ranging from diorites to 
tonalites, represent the earliest intrusive phases. Their 
mineralogical composition is characterized by 
hornblende and calcic plagioclase almost in equal 
proportions, and low quartz content. In distinct contact 
with the former apophyses, the major component of 
the intrusion is a medium-grained granodiorite. Its 
mineralogy consists, in decreasing abundance, of 
quartz, zoned plagioclase, microcline, biotite and 
brown hornblende. Towards the batholith core, the 
granodiorite grades into or is in sharp contact with a 
pinkish monzogranite, a facies bearing abundant and 
large K-feldspars. Both the granodiorite and the 
monzogranite hold numerous enclaves of microdiorite, 
and up to 100-m-wide xenoliths of the metamorphosed 
country lithologies. In the apical part of the batholith, 
the granodioritic-monzogranitic bodies are, in turn, cut 
by numerous felsic dikes. The dikes exhibit a variety 
of petrographic compositions and structural orienta-
tions. They include mainly tilted two-mica aplites and 
some small-sized pink granitic stocks commonly with 
pegmatite cores. Rare lamprophyres, representing hyp-
abyssal primary magmas were injected subsequent to 
the aplites and granitic stocks as N-S-striking, east-
dipping dikes. Although the lamprophyres appear to 
outcrop in close spatial association with gold minera-
lization, crosscutting relationships and hydrothermal 
alteration indicate that they are older than the lodes. 
Their mineralogical composition, with chloritized 
phenocrysts of hornblende and, in minor proportions, 
andesine and relict pyroxene, falls in the range of the 
calc-alkaline lamprophyres, and fits within the appinite 
suite (Rock, 1991). 
Whole rock geochemistry 
The geochemistry of the different pulses of the Pataz 
Batholith was extensively studied by Schreiber (1989). 
His analyses of major and trace elements essentially 
revealed the calc-alkaline nature of the batholith, and 
led him to conclude that it belongs to the I-type of 
magmas and, if the chemical compositions of the 
amphiboles are considered, to the magnetite series as 
defined by Ishihara (1977). To clarify the petrogenesis 
of the batholith, additional trace and rare earth element 
analyses (Table 2) were carried out on eight new 
samples, including five granitoids (one diorite, two 
granodiorites, two monzogranites), and three late dikes 
(one aplite and two lamprophyres). On discriminative 
plots based on Rb-Y-Nb variations for granitic rocks 
(Pearce et al., 1984), the five granitoids display 
compositions overlapping the field of the volcanic-arc 
granites (VAG). Using a chrondrite-normalized trace 
element spider diagram, they present spiked patterns 
with enrichments in K, Th, and Rb, and depletions for 
Nb, Ti, and P (Fig. 5a), patterns that are commonly 
inferred to be typical of continental arc magmas. The 
corresponding REE plots (Fig. 5b) display a steep, 
negatively-sloping LREE pattern, a flat HREE pattern, 
and a strongly negative Eu anomaly. The Eu depletion, 
together with the low Sr and Ba contents, are 
indicative of plagioclase fractionation or plagioclase 
restite, a result of the combination of partial melting 
and fractional crystallisation processes. 
The geochemical nature of the three dike samples 
appears similar to the calc-alkaline trend of the 
granitoids, although there is significant contamination 
from the mica-schist basement in the aplite sample, 
and mantle contribution in the lamprophyres. In the
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Fig. 5 - Trace and rare earth element geochemistry of the Pataz Batholith. (a) Rock/chondrite spider diagram normalized with values 
of Thompson (1982), (b) REE plot normalized with the average chondrite values of Boynton (1984). 
aplite, the basement contribution is recognized by a 
stronger enrichment in K, Rb, and Th relative to the 
granitoids, and by a peraluminous composition, reflec-
ted also in the crystallisation of two different micas, an 
Al-rich biotite and a muscovite. The hypabyssal origin 
of the lamprophyres is supported by high Mg-contents, 
and high concentrations of compatible elements such 
as Ni, Cr, V, and Sc. Furthermore, the spider diagrams 
of the dikes, with pronounced negative Nb, Ti, Sr, and 
P anomalies (Fig. 5a), and a distinctive Eu depletion 
(Fig. 5b), are similar to those of the Pataz Batholith 
granitoids, and suggest their derivation from a subduc-
tion-modified mantle source. 
Radiogenic isotopes 
To better evaluate the petrogenesis of the Pataz 
Batholith, lead and strontium isotope measurements 
(Table 4) were carried out on representative granitoid 
samples. The results and the analytical procedure, are 
discussed in more detail in chapter IV. The lead 
isotope ratios for the residue fractions, values which 
are considered to yield the signature of common lead 
at the time of the rock formation (Chiaradia and 
Fontboté, 2000), are homogeneous, and range respecti-
vely between 18.46 and 18.59 for 206Pb/204Pb, between 
15.61 and 15.67 for207Pb/204Pb, and between 38.25 and 
38.42 for 208Pb/204Pb. These lead compositions, 
comparable to the values measured in the Andean 
province IIIb of Macfarlane et al. (1990), and in lavas 
from the modern Central Volcanic Zone (Harmon et 
al., 1984; Aitcheson et al., 1995), can be explained in 
terms of contamination of a mantle-derived magma by 
the Proterozoic basement. Similarly, the three 
corresponding initial 87Sr/86SrI compositions (0.708-
0.709) indicate an extensive incorporation of old 
continental crust in the genesis of the Pataz Batholith 
calc-alkaline magma. This interpretation is consistent 
with the lead isotope data and the εNd results presented 
in Macfarlane et al. (1999). 
Geochronology 
On the basis of field relations in the Pataz area, only a 
very imprecise age, ranging between post-Ordovician 
and pre-Miocene can be inferred for the emplacement 
of the Pataz Batholith. As a result, Wilson and Reyes 
(1964) attributed a lower Tertiary age to the calc-
alkaline batholith, because of lithological analogy with 
the Coastal Batholith. Bellido and de Montreuil 
(1972), and Schreiber (1989), the latter emphasizing 
that the granitoids intrude only lower Paleozoic and 
older basement, preferred a late Paleozoic age. With 
two 40Ar/39Ar total fusion ages at 321 and 305 Ma on 
biotite and hornblende, respectively, from granitic 
  
Table 3 - Common lead isotope signatures and initial 87Sr/86Sr 
ratios of some representative rock types of the Pataz Batholith. 
 Sample 
#
Rock Common Pb (residue fraction) a 87Sr/ 86Sri b 
  206Pb/ 204Pb 207Pb/ 204Pb 208Pb/ 204Pb initial  
 YLL 01 Granodiorite 18.464 15.608 38.246 0.70822
 YPP 01 Granodiorite 18.494 15.616 38.270 -
 YPP 03 Diorite 18.592 15.636 38.405 0.70887
 YSF 19 Aplite dyke 18.492 15.653 38.396 -
 YSF 20 Monzogranite 18.539 15.667 38.416 0.70784
a The common Pb isotope compositions of the rock at its formation time 
were determined by measuring the isotopic ratios of the residue 
fractions (Haeberlin, 2002). 
b The initial 87Sr/86Sri rock signature (Haeberlin, 2002) were obtained 
assuming an age of 329 Ma for the Pataz Batholith (Vidal et al., 1995). 
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rocks (Table 3), Schreiber et al. (1990) confirmed the 
Paleozoic age. In the southern Parcoy area, Vidal et al. 
(1995) determined a U/Pb zircon date of 329 ±1 Ma on 
a granodiorite (Table 3). Near Pataz, Haeberlin et al. 
(2002) report two 40Ar/39Ar biotite ages consistent with 
the said U/Pb age at 329.2 ±1.4 and 328.1 ±1.2 Ma for 
a monzogranite and a granodiorite, respectively. The 
aplite was dated at 322.1 ±2.8 Ma on a muscovite 
sample and at 325.4 ±1.4 Ma on a biotite sample, and 
represents a slightly younger magmatic pulse of the 
Pataz Batholith (Haeberlin et al., 2002). 
I.5.2 Sedimentation, volcanism and tectonic 
evolution 
The Mississippian epicontinental sediments of Peru are 
traditionally assigned to the Ambo Group (Newell et 
al., 1953), a unit related to the erosion of the previous-
ly discussed lower Paleozoic rocks (Laubacher and 
Mégard, 1985). The Ambo Group is well exposed in 
the Pataz region, and is represented by deposition of 
first continental beds and later marine molasses in 
pull-apart basins and concurrently by episodes of ba-
saltic volcanism and gabbroic plutonism (Fig. 3). The 
Mississippian molassic sedimentary sequence overlies 
with angular discordance either the Marañón complex 
or the Cambro-Ordovician volcano-sedimentary units. 
Wilson et al. (1967) reported east of Huaylillas that the 
Ambo Group lies locally unconformably upon a lower 
Paleozoic granitic batholith that should be the Pataz 
Batholith. If such is the case, and considering the 329 
Ma age of the batholith, then the Ambo Group should 
be late Mississippian, although its flora and marine 
fauna have been previously considered near Pataz as 
early Mississippian (Wilson and Reyes, 1964; Wilson 
et al., 1967). Any sedimentation seems to cease before 
the beginning of the Pennsylvanian due to a general 
emersion (Mégard, 1978). 
From a lithological viewpoint, the ≤500-m-thick 
sedimentary rock sequence surveyed in the Pataz area 
(Wilson and Reyes, 1964) is comparable to the sec-
tions of the Ambo Group studied in the Central Andes 
(e.g. Dalmayrac, 1978; Mégard, 1978). It consists of 
basal greenish conglomerates, containing coarse 
angular clasts of granites (Pataz Batholith?), sand-
stones, mica schists and quartzites in a feldspar-biotite 
sandy matrix, overlain by alternating ochre lutite and 
biotite feldspar-rich brownish sandstone beds. 
The existence in the Pataz-Parcoy area of basaltic 
magmatism slightly older than or coeval with the rocks 
of the Ambo Group was first noted by Schreiber 
(1989), who described greenish or purple conglome-
ratic beds containing andesitic to basaltic pebbles 
within the studied molasses. It has been subsequently 
confirmed by Vidal et al. (1995), who observed a 
pillow-lava lens outcropping underneath shelf lime-
stones attributed to the Lower Permian Copacabana 
Group between Chagual and Vijus. These pillow-lavas 
have a geochemical signature of N-MORB basalts 
(Table 2, Fig. 4). The only reported comparable occur-
rence in central and northern Peru is the pillow lava 
within a flysch sequence in the lower to middle 
Paleozoic Excélsior Group near La Oroya (Harrison, 
1943; Kobe, 1986). In the Pataz area, in addition to the 
basalts, several small gabbroic bodies, injected as sills 
and dikes as wide as 20 m, within the Ambo Group 
molasses, were discovered during this work on the 
western side of the Pías Lake (Fig 4, not shown on the 
geological map). Their mineralogy consists, in decrea-
sing abundance, of calcic plagioclase, clinopyroxene, 
hornblende, ilmenite and very minor lawsonite, and 
their geochemistry is typical of a ferrogabbro with 
MORB affinity (Table 2, Fig 4). In the studied 
outcrops, there is no evidence in the upper part of the 
Mississippian record of volcanic-arc activity such as 
that which gave rise to rhyolitic welded-tuffs and 
andesitic lava flows as in central Peru (Dalmayrac, 
1978; Dalmayrac et al., 1980). 
 
Table 4 - Summary table of the published radiometric ages on the Pataz Batholith. 
Sample Method Mineral Rock Area Age (Ma) Geological meaning Reference  
- 40Ar/39Ar hornblende - Pataz 305± 8 total 40Ar/39Ar ages Schreiber et al. (1990) 
- 40Ar/39Ar biotite - Pataz 321± 1 total 40Ar/39Ar ages Schreiber et al. (1990) 
- U/Pb zircon granodiorite Parcoy 329± 1 crystallization age Vidal et al. (1995)  
YPP 02 40Ar/39Ar biotite granodiorite Pataz 328.1± 1.2 cooling age (~300°C) Haeberlin et al. (2002) 
YSF 22 40Ar/39Ar biotite monzogranite Pataz 329.2± 1.4 cooling age (~300°C) Haeberlin et al. (2002) 
YSF 19 40Ar/39Ar biotite aplite dyke Pataz 325.4± 1.4 cooling age (~300°C) Haeberlin et al. (2002) 
YSF 19 40Ar/39Ar muscovite aplite dyke Pataz 322.1± 2.8 cooling age (~400°C) Haeberlin et al. (2002) 
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I.5.3 Large-scale hydrothermal gold-bearing 
system 
The Eastern Cordillera of northern Peru is host to a 
lode-gold belt (Fig. 2) that covers at least an area 160-
km-long and 1- to 3-km-wide, extending first along the 
eastern side of the Marañón Valley from Bolívar to 
Pataz (Schreiber, 1989; Schreiber et al., 1990; 
Haeberlin et al., 2000a,b, 2002), then striking to the 
southeast to Parcoy (Vidal et al., 1995; Macfarlane et 
al., 1999) and Buldibuyo. This mineralized belt inclu-
des numerous quartz-sulfide veins hosted in granodio-
rite near the margin of the Pataz Batholith and close to 
the contact with the metamorphosed Upper Proterozoic 
to Ordovician volcano-sedimentary sequences (Fig. 2). 
From a structural point of view, the gold-bearing lodes 
were emplaced predominantly in second- and third-
order N- to NW-striking structures in the granitoids 
and subordinately in bedding-concordant veins in the 
Ordovician slates (Fig. 3) under an oblique dextral 
shear in an event roughly E-W compressional. All the 
mineralized veins are situated to the east of a major 
NNW-striking lineament (fault corridor extending 
from Llaupuy to Huaylillas on Fig. 1), which acted 
apparently as a major channel for the hydrothermal 
fluids. 
The closest approximation of the mineralization age 
is yielded by the ~314 Ma 40Ar/39Ar dates obtained on 
muscovite, a syn-ore alteration mineral surrounding 
the lodes (Haeberlin et al., 2002). The maximum age 
of the mineralization is given by a 322 ±2.8 Ma 
40Ar/39Ar age measured for an aplite muscovite. Toge-
ther, these dates suggest that the gold mineralization 
post-dates emplacement of the 329 Ma Pataz Batholith 
and the older regional deformation events. Owing to 
their late-kinematic timing and their structural styles, 
the Pataz gold lodes are classified as “orogenic” gold 
deposits (Haeberlin et al., 2002), a term introduced by 
Bohlke (1982) and used by Groves et al. (1998) for 
gold deposits also termed as mesothermal, shear-zone 
hosted, or structurally-hosted deposits. It is commonly 
accepted that this type of deposits formed during com-
pressional to transpressional deformation processes at 
convergent plate boundaries in accretionary or 
collisional orogens (Groves et al., 1998). They are seen 
as the manifestation of a major tectono-thermal event 
occurring during the continental growth of these 
margins (Goldfarb et al., 1998). In northern Peru, the 
“orogenic” gold mineralization is temporally related to 
the probable regional uplift stage, which is suggested 
from the early Pennsylvanian sedimentary hiatus, and 
to an addition of heat into a thickened crust, a pre-
requisite for explaining the size of the hydrothermal 
system over several tens to hundreds of kilometers 
(Haeberlin, 2002). “Orogenic” gold veining at ∼314 
Ma seems thus a tectonic marker of crustal processes. 
I.6 Late Pennsylvanian to Early Triassic 
period 
The late Pennsylvanian to Early Triassic period is 
typified in Peru by strong block tectonics. Based upon 
the work of Newell et al. (1953), three Permian and 
Triassic lithostratigraphic groups have been defined in 
Peru: the upper Pennsylvanian terrigeneous and calca-
reous series of the Tarma Group, the Lower Permian 
shelf limestones of the Copacabana Group, and the 
thick Upper Permian to Lower Triassic red continental 
molasses and volcanic rocks of the Mitu Group. These 
sedimentary units are characterized by rapid lateral and 
vertical facies and thickness variations in central Peru 
(Dalmayrac et al., 1980). In the studied region, the 
Tarma Group is unknown and the Copacabana Group 
is poorly represented, whereas the Mitu Group is 
characterized by thick conglomeratic sequences but is 
almost devoid of volcanic intercalations. No Permian-
Early Triassic plutonism has been recognized in 
northern Peru. 
A Pennsylvanian(?)-Lower Permian carbonate shelf 
sequence (Copacabana Group?) overlaps unconforma-
bly the Mississippian molasses and basalts of the 
Ambo Group in the Pataz region. The sequence is 
poorly exposed, such that only two small grey 
limestone outcrops were mapped southeast of Calemar 
(Wilson and Reyes, 1964), and an even thinner one 
north of Chagual during this work. At Chagual, 
overlying with weak angular unconformity lutites and 
pillow-lavas of the Ambo Group, occur few meter-
thick beds of bioclastic calcarenites with thin 
intercalations of dark lutites. These are similar litho-
logies as those attributed by Wilson and Reyes (1964) 
to the Copacabana Group. The presence of a varied 
fossil fauna with echinoderms, bryozoas, ostracods and 
foramifers, abundant millimeter-sized plutonic quartz 
grains, and minor coal splinters in the limestones 
indicates sedimentation in a neritic basin close to 
emerged lands, as it was suggested by Dalmayrac 
(1978) for the sections of the Copacabana Group 
surveyed in central Peru. 
From Late Permian to Early Triassic, a horst and 
graben setting predominated in the Eastern Cordillera 
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with the deposition of the Mitu conglomerates and 
molasses in basins opened during E-W to WSW-ENE 
extension (Dalmayrac et al., 1980; Carlier et al., 1982; 
Kontak et al., 1985; Rosas et al., 1997; Semperé et al., 
1999). In the Pataz region, the Mitu Group sequences 
deposited in basins probably controlled by the complex 
set of NNW-striking faults associated with the 
Marañón lineament, and overly in weak angular 
discordance the limestones of the Copacabana Group 
and the molasses of the Ambo Group, and in sharp 
discordance the phyllites of the Marañón complex. The 
up to 500-m-thick lithological column consists here of 
red coarse sandstones and fan conglomerates with 
abundant slightly blunted clasts, eroded from different 
sources including the Marañón complex (micaschists), 
the Vijus Formation (metavolcanites), the Pataz 
Batholith (granitoids, quartz and feldspar clasts), the 
Ambo Group (sandstones, basalts) and the Copacabana 
Group (shelf limestones). In contrast to central Peru, 
where a significant part of the Mitu Group is repre-
sented by tholeiitic lava flows and voluminous alkaline 
to peralkaline ignimbrites, rhyolites and dacites (Noble 
et al., 1978; Dalmayrac et al., 1980; Kontak et al., 
1985; Rosas et al., 1997; Carlotto, 1998), volcanic 
products occur in very minor proportions near Pataz. 
Only the presence of phonolithic and andesitic pebbles 
in the coarse conglomeratic sequences is documented 
(Schreiber, 1989). 
I.7 Mesozoic and Cenozoic units 
I.7.1 Sedimentation and tectonic evolution 
Mesozoic sedimentation in Peru appears largely con-
trolled by the Marañón geanticline, which acted as a 
structural high (Benavides, 1999 and references 
therein). The relatively thin (≤1100 m) Mesozoic 
lithostratigraphic column at Pataz, with major gaps, 
consists, from bottom to top, of Upper Triassic to 
Lower Jurassic limestones and dolomites (Pucará 
Group), Neocomian greyish sandstones (Goyllarisquiz-
ga Group) and Middle Albian marls and limestones 
(Crisnejas Formation, Wilson and Reyes, 1964; 
Wilson et al., 1967; Schreiber, 1989; Vidal et al., 
1995). Mesozoic units together with upper Paleozoic 
sequences were regionally thrusted and folded during 
the Late Cretaceous (Peruvian phase of the Andean 
orogen, Mégard, 1978, 1984), and then were covered 
with an angular discordance by the Upper Cretaceous-
Eocene continental clastic red beds of the Chota 
Formation. The entire Andean sedimentary cover, 
including the Chota Formation, underwent at least two 
additional Cenozoic deformation phases: a Late Eoce-
ne-Oligocene compressional event with long-waved 
folds coupled to a major thrusting that created the fan 
imbrication of the Marañón thrust sheets (Incaic phase 
of the Andean orogen, Dalmayrac et al, 1980; Janjou et 
al., 1981; Mégard, 1984), and ubiquitous Late Miocene 
extension tectonics responsible for half graben 
structures (Schreiber, 1989). 
I.7.2 Andean magmatism 
In contrast to the Western Cordillera of the Andes, 
Mesozoic and Cenozoic igneous rocks are only locally 
exposed in the Eastern Cordillera. Only small 
porphyritic plugs, scarce dioritic plutons, and a recent 
volcanic cover (Lavasén Formation) are recognized in 
the Pataz-Parcoy area (Schreiber, 1989). The por-
phyritic plugs, typified by coarse feldspar and quartz 
crystals in a pinkish aphanitic matrix, are emplaced as 
100-m- to 1-km-wide stocks and dikes of monzonite to 
tonalite composition. Near Pataz, they outcrop within 
the faulted margin of the Pataz Batholith with the 
Cambro-Ordovician sequences; near Chilia and 
Buldibuyo, they are concordant to bedding of the 
Pucára limestones (Schreiber, 1989); and, in the 
Parcoy district, they are well exposed within rocks of 
the Pataz Batholith, the Mitu Group and the 
Goyllarisquizga Group. On the basis of such 
crosscutting relationships, the porphyries are believed 
to be Cretaceous. The occurrence of small “dacite” 
stocks, comparable in petrography to the aforemen-
tioned plugs, to the north near Leimebamba (Sánchez, 
1995), and to the southeast in the Upper Marañón 
Valley (Allende, 1996; Jacay, 1996), reveals that the 
porphyry belt extends beyond the studied region, from 
at least 6°30’ to 9°30’S. Small mafic bodies, petrogra-
phically classified as pyroxene diorites, monzodiorites 
and biotite microdiorites, characterize the second 
plutonic event. These plutonic rocks are injected as 
kilometer-wide ellipsoidal stocks through rocks of 
several lithological units, including the Marañón 
complex, the Mitu Group and the Pucará Group. In 
central Peru, similar dioritic intrusions are observed to 
cut the Andean structures, suggesting a Miocene to 
Pliocene age for their emplacement (Dalmayrac et al., 
1980; Carlier et al., 1982). 
Finally, the youngest unit in the area, located in the 
northernmost part of the Eastern Cordillera and 
covering an area of more than 2400 km2, between 
36 
 
6°45’ and 8°20’S, is the Lavasén Formation (Wilson 
and Reyes, 1964). In the Pataz area (Fig. 2), it overlies 
with an erosional unconformity, which is possibly 
related to the Puna Miocene peneplanation, the pre-
Silurian rocks, the Pataz Batholith, and locally the 
Andean cover to the Upper Cretaceous-Eocene Chota 
Formation (Schreiber, 1989). Its thick calc-alkaline 
lava flows may be divided into three entities (Angeles, 
1994): (1) lower andesitic to basaltic lava flows in 
meter-thick beds with minor breccias, (2) upper pyro-
clastic lavas, with tuffs, finely-stratified pyroclastic 
breccias, and abundant lapilli, and (3) crosscutting 
domes of felsic lavas. Owing to such stratigraphic 
observations, the total lack of folding and faulting, and 
the presence of circular-shaped structures, this forma-
tion is of Late Miocene and/or Early Pliocene age as 
proposed by Wilson and Reyes (1964) and Schreiber 
(1989), and in contradiction with the Permian age 
proposed in Sánchez (1995) and Vidal et al. (1995). 
I.8 Discussion 
I.8.1 Paleozoic geodynamic evolution of the 
northern Peruvian margin 
Since the suggestion of the existence of Laurentian-
derived terranes in the southern Andes (Dalla Salda et 
al., 1992a), several geotectonic reconstructions have 
suggested that the Laurentian craton was facing the 
west proto-Andean margin of Gondwana during the 
early Paleozoic. However, two diverging ideas about 
the connection between Gondwana and Laurentia have 
been postulated to explain the lower Paleozoic oroge-
nic belts in the central to southern Andes: (1) a conti-
nent-continent collision to develop the Appalachian-
Famatinian orogen, followed by rifting of the 
Laurentian craton from the South American margin, 
and its clockwise relative motion around South 
America, colliding with other terranes during the 
Devonian (Dalla Salda et al., 1992a,b; Dalziel et al., 
1994); (2) allochthonous terranes with Laurentian 
affinity, such as the Argentinean Precordillera, were 
rifted away from Laurentia and accreted to the South 
American margin in the Late Ordovician and Late 
Devonian periods (Astini et al., 1996; Thomas and 
Astini, 1996; Mac Niocaill et al., 1997; Astini, 1998; 
Rapela et al., 1998a,b). In a variation of the first 
scenario, the so-called “Texas plateau model”, Dalziel 
(1997) considers the collision between the two major 
continental entities as part of a highly complex Indone-
sian-style convergence, that initiated the Appalachian-
Andean mountain system, and involved subduction, 
several arc-continent collisions and ophiolite obdu-
ction. All of these models are essentially based upon 
the geological information from the Argentinean and 
Chilean Andes. 
However, for the evolution of northwestern 
Argentina and northern Chile, Bahlburg and Hervé 
(1997) proposed a different scenario. They suggested a 
Devonian passive margin, subsequent to the Silurian 
rifting of a part of the previously (Late Ordovician) 
accreted Arequipa-Antofalla terrane. These authors 
further suggest that it was not until Late Carboniferous 
that the subduction resumed, initiating the Andean 
plate tectonic setting still prevalent today. In addition, 
they pointed out that some major geological incon-
sistencies with the Laurentia collision model, such as 
the lack of Ashgill glaciation in the Taconic belt of 
North America relative to the Famatinian belt of 
Argentina. Some elements of the rifting hypothesis 
were previously suggested in the detailed analysis 
presented by Dalmayrac et al. (1980) in the Peruvian 
Andes. A rifting of part of the Arequipa-Antofalla 
terrane has been also integrated in the global 
paleogeographic reconstructions proposed by Dalziel 
et al. (1994) and Ramos and Aleman (2000). In 
contrast, Jaillard et al. (2000) question the former 
scenario, considering it incompatible with evidences of 
Silurian and Devonian magmatism in southern Peru, 
northern Chile and Argentina. 
Extrapolating any of these reconstructions to nor-
thern Peru is difficult, owing to the absence of 
allochthonous Paleozoic-accreted terranes north of the 
Arequipa-Antofalla terrane. There are two scenarios 
that best explain the present-day configuration in 
northern Peru. In a straightforward scenario, the 
northern Peruvian proto-Andean margin remained an 
active margin from Ordovician to the present (Jaillard 
et al., 2000). In a more complex history, and in 
analogy to the scenario proposed by Bahlburg and 
Hervé (1997), it can be suggested that the aforemen-
tioned margin was active over the same period except 
during the late Paleozoic, when part of the Gondwana 
fore-arc composed of terranes accreted prior to the 
Devonian was rifted away from South America. As we 
will expand upon below, we prefer this second 
scenario, because it better fits with the absence of reco-
gnized lower and middle Paleozoic arc and fore-arc 
sedimentary sequences and plutons in northern Peru. 
The Late Cambrian to Early Permian evolution of 
the Peruvian proto-Andean margin proposed below is 
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based on the available information on the Eastern 
Cordillera north of Tarma, and thus is applicable only 
between latitudes 6° and 12°S. The following geolo-
gical features and events are relevant to our model 
(Fig. 6): (1) the ensialic character of the Cambro-
Ordovician sedimentary rock sequences and their asso-
ciated bimodal volcanism, (2) the lack of Ordovician 
plutonism, (3) the enigmatic absence of Silurian and 
Devonian rocks, (4) the Late Ordovician-Early Silurian 
and Late Devonian folding and the low-grade 
metamorphism recorded in the Cambro-Ordovician 
sequences, (5) the voluminous Mississippian calc-alka-
line plutonism (e.g. the Pataz Batholith), (6) shortly 
after, the opening of pull-apart basins and their filling 
with epicontinental molasses, (7) the emplacement of 
“orogenic” gold deposits at ∼314 Ma, (8) after isostatic 
movements, the formation of a Lower Permian carbo-
nate shelf, and finally (9), the Permo-Triassic block 
tectonics and the associated molasse sedimentation. 
The hypothetical but questionable existence of a lower 
Paleozoic ophiolitic belt could also be mentioned. We 
subdivided the evolution of the Eastern Cordillera into 
five episodes, relating its successive back-arc, collisio-
nal, foreland, transtensional, and rifting histories (Figs 
6 and 7). 
Back-arc setting (Late Cambrian-Ordovician) 
Subsequent to the Early-Middle Cambrian (?) orogenic 
phase -termed as Brasiliano orogeny in Peru (Dal-
mayrac et al., 1980), and as Pampean orogeny in 
Argentina (Rapela et al., 1998a,b)-, which involved the 
accretion of the Arequipa-Antofalla terrane on the 
South American continent, a shallow basin opened in a 
back-arc position in the northern Peruvian Eastern 
Cordillera during the Late Cambrian (Fig. 7a). Its ~60-
m.y.-long evolution is characterized successively by 
proximal detrital sedimentation, pyroclastic volcanism 
and oceanic floor-spreading, events that are recorded at 
Pataz by rocks of the Vijus Formation, and, in 
response to an increase of the tectonic subsidence, by 
turbiditic sedimentation in the Contaya Formation 
during the Llanvirnian. A comparable sequence of 
events is documented in the southern Puna of 
Argentina (Bahlburg and Hervé, 1997; Rapela and al., 
1998a,b; Ramos, 2000), a region that was in a back-arc 
position relative to the magmatic arc recognized in the 
western Puna and northern Chile. In the Eastern Cor-
dillera of northern Peru, the lack of similar plutonic arc 
rocks and fore-arc sequences of early Paleozoic age is 
an argument, supporting the hypothesis that we will 
elaborate later upon, that the arc and fore-arc were 
removed and that only the back-arc basin has been 
preserved. 
Resuturing of the back-arc (Late Ordovician- Early 
Silurian) 
The back-arc basin presumably closed during the Late 
Ordovician-Early Silurian at the beginning of a NW-
SE compressional event (Fig. 7b), which included the 
Oclóyic collision in northern Argentina (Rapela et al., 
1998a,b). In northern Peru, weak regional folding 
characterized the back-arc sequences; in contrast, in 
central Peru, stronger deformation and higher grade 
metamorphism, the former including emplacement of 
ophiolitic slices, suggest that the more southerly parts 
of the collisional belt were highly impacted. The 
absence of these highly deformed and presumably 
internal parts of the Siluro-Ordovician belt in northern 
Peru reinforce the hypothesis that a substantial volume 
of the orogenic belt has been rifted. 
Stable foreland setting (Late Silurian-Devonian) 
The time interval between Late Silurian and Devonian 
is enigmatic in the evolution of the Eastern Cordillera 
of northern Peru. Neither sedimentary rocks of this age 
are preserved, nor igneous events recorded, and only a 
weak regional folding is documented in the Contaya 
Formation. Bahlburg and Hervé (1997) mentioned a 
comparable magmatic and metamorphic lull lasting for 
~100 m.y. in the Paleozoic of northern Chile and 
northwestern Argentina. They interpret it with a 
scenario in which the proto-Andean margin was a 
passive environment. By contrast, in southern Peru, 
evidence for active plate tectonics is given by the 
Siluro-Devonian San Nicolas Batholith, emplaced 
along the border of the Arequipa-Antofalla terrane 
(Shackleton et al., 1979; Mukasa and Henry, 1990). In 
northern Peru, the absence of recorded magmatic 
activity may indicate either that this was inexistant 
because it was a passive margin as suggested for 
northern Chile, or that any active continental margin 
tectonism was located far seaward of the Eastern 
Cordillera, and that this area was later rifted from the 
South American margin (see below). In both alterna-
tives, the Eastern Cordillera of northern Peru could be 
regarded during Siluro-Devonian times as a stable 
foreland (Fig. 7b). Towards the end of the Devonian, 
weak “Eohercynian” deformation affected the studied 
region, although more pervasively in southeastern Peru 
and Bolivia (Dalmayrac et al., 1980). The cause of this 
compression remains uncertain, since this event is 
difficult to connect it to a discrete orogenic belt. 
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Fig. 6 - Schematic representation of the main geological events recognized in the Paleozoic history of the Pataz region. The 
geological record in the detached slice is inferred from the timing of the events in the Oaxaquia-Acatlán microcontinent (Yañez et al., 
1991; Sedlock et al., 1993; Ortega-Gutiérrez et al., 1999; Sánchez-Zavala et al., 1999). 
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Arc-related plutonism and transtensional context 
(Mississippian-early Pennsylvanian) 
After a period of magmatic quiescence, voluminous 
Mississippian intrusive magmatism, which included 
the emplacement of the Pataz Batholith, took place 
along the Eastern Cordillera as far south as 11°30’S 
(Fig. 7c). The geochemical features characterized the 
calc-alkaline plutons as having originated in an arc-
related environment. Shortly after the plutonism cea-
sed, large-scale strike-slip movements opened pull-
apart basins to the west of the plutonic belt, and 
coevally magmatic activity gave rise to MORB pillow 
lavas and gabbroic sills (Fig. 7d). The opening of these 
intramontane basins occurred within an uplifting stage 
of the margin, as revealed by the presence in the 
Mississippian molasses of granitic clasts that are 
derived from the denudation of the batholiths. Both the 
calc-alkaline plutonism and the slightly younger pull-
apart tectonics are believed to be connected with the 
evolution of an active margin, although they are 
located far inland from the subduction trench. This 
interpretation is in agreement with the tuff inter-
calations in the Mississippian sedimentary rock series, 
that present evidence for the onset, at least in central 
Peru, of related arc volcanism (Dalmayrac, 1978; 
Dalmayrac et al., 1980; Laubacher and Mégard, 1985; 
Jaillard et al., 2000). A similar strike-slip tectonism is 
documented during Devonian and Early Carboniferous 
in northern Chile and Argentina (Bahlburg and 
Breitkreuz, 1991; Bahlburg, 1993). 
The early Pennsylvanian sedimentary gap correlates 
with a general emersion period, which affected most of 
Peru (Mégard, 1978, Dalmayrac et al., 1980). This em-
ersion was controlled by eustatic processes and most 
probably enhanced by tectonic movements. In northern 
Peru, the inferred uplift stage occurred presumably in 
response to the crustal thickening of the convergent 
margin following magmatic underplating. These uplift 
conditions and a related increase of the heat flow are 
thought to have thriven the formation of orogenic gold 
lodes at ∼314 Ma in the >160-km-long Pataz 
auriferous belt (Fig. 7e). Gold deposits in the Eastern 
Cordillera of northern Peru are thus seen as product of 
crustal tectono-thermal processes in a similar way as 
Goldfarb et al. (1998) interpret orogenic gold veining 
as inherent part of continental growth for both the 
Tasman, Russian Far East and North American 
Cordilleran circum-Pacific orogens. 
Rifting (late Pennsylvanian-Early Triassic) 
Major changes in paleogeography and paleostress 
conditions occurred in northern Peru towards the late 
Pennsylvanian. The former Mississippian strike-slip 
tectonics and active plate setting evolved into a simple 
extensional context with the progressive opening of 
true grabens (Noble et al., 1978; Kontak et al., 1985; 
Carlotto, 1998; Fig. 7f). Sedimentation reinitiated in 
subsiding basins with the deposition of the terrige-
neous and calcareous Tarma and Copacabana Groups 
during late Pennsylvanian and Early Permian. From 
the Late Permian, there is a substantial increase in the 
tectonic activity, and thick molassic sequences, in part 
conglomeratic (Mitu Group), filled NW-SE-trending 
fault-controlled basins, creating the well-described 
Late Permian-Early Triassic horst and graben physio-
graphy. In the studied region, no volcanic activity is 
associated with the deposition of the Mitu Group. By 
contrast, in central and southern Peru, there are many 
evidences for an intraplate alkaline volcanism (Noble 
et al., 1978; Kontak et al., 1985; Carlotto, 1998). 
In northern Peru, arc and fore-arc plutons and 
sedimentary series of Permo-Triassic age are nearly 
unknown, probably because of subsequent tectonic 
erosion or/and removal. This suggests that the exten-
sion conditions lasted throughout the Permo-Triassic. 
The first clear evidences for the renewed onset of the 
subduction in northern Peru are documented during 
late Sinemurian (e.g. Jaillard et al., 2000). From then 
on, the northern Peruvian edge of the South American 
was a convergent margin, evolving gradually by using 
the inherited Proterozoic and Paleozoic structures. 
I.8.2 Migration and location of the removed 
terrane(s) 
In northern Peru, much of the Gondwana foreland and 
all of the seaward terranes and superimposed early to 
middle Paleozoic arcs are missing. Evidences sup-
porting the removal of the northwestern part of the 
Arequipa-Antofalla terrane include (1) the existence of 
a fault boundary at the latitude of the Paracas 
Peninsula, which limits the present-day northern exten-
sion of this terrane (Dalmayrac et al., 1980), (2) the 
presence of eastward-directed paleocurrent indicators 
in the Devonian to Lower Carboniferous molasses 
(Isaacson, 1975; Bahlburg, 1993; Bahlburg and Hervé, 
1997), and (3) as shown in Figure 8 the absence of 
Proterozoic basement signatures in the strontium and 
lead isotope compositions (Beckinsale et al., 1985; 
Mukasa and Tilton, 1985; Mukasa, 1986a; Macfarlane 
et al., 1990; Soler and Rotach-Toulhoat, 1990a,b) of 
the Peruvian Coastal Batholith between Pisco and
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Fig. 7 - Simplified sections illustrating the supposed Paleozoic evolution of the proto-Andean margin of northern Peru. (a) Late 
Cambrian-Early Ordovician back-arc setting, (b) Late Ordovician-Early Silurian deformation of the back-arc and subsequent Siluro-
Devonian foreland setting, (c) early Mississippian arc-related plutonism, (d) late Mississippian transtensional tectonism, (e) early 
Pennsylvanian uplift of the margin and lode gold veining, (f) Late Permian-Early Triassic rifting and supposed detachment of a 
microcontinent (similar to the Oaxaquia-Acatlán microcontinent). For detailed explanations, see text. 
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Chimbote. One apparent problem with the rifting off 
scenario is the presence of biotite gneiss and phyllites 
in offshore drillcores and on Hormigas Island, that 
defined an “Outer Shelf High” to the Arequipa-
Antofalla terrane (Kulm et al., 1981; Thornburg and 
Kulm, 1981; Cobbing, 1985). However, the supposed 
Precambrian or early Paleozoic protolith age of these 
metamorphic rocks, in absence of radiometric dating, 
appears highly doubtful because comparable metamor-
phic rocks are reported along Mesozoic subduction 
zones in northern Chile (e.g. Lucassen et al., 1996). 
The detached slice or slices are believed to have 
migrated northwards following both the Mississippian 
transtensional phase and the Permo-Triassic rifting 
event. The timing of the final break-up of the 
northwestern part of the Arequipa-Antofalla terrane is, 
however, uncertain. In analogous models, Mégard 
(1973) and Bahlburg and Hervé (1997) linked the 
removal of part of the Arequipa-Antofalla terrane to 
the Devonian-Carboniferous strike-slip tectonism, but 
Miller (1970) and Dalmayrac et al. (1980) preferred to 
place the ultimate break-up during the Permo-Triassic 
rifting or even during a subsequent Early Jurassic 
stage. 
The eventual present-day position of the removed 
terrane(s) is uncertain. According to its supposed 
dextral shift along the proto-Andean margin, this 
missing piece of the continental margin might be 
situated today close to or within Central America. In 
fact, some allochthonous terranes located presently in 
Mexico, such as the composite Oaxaquia-Acatlán 
microcontinent, present several features consistent 
with a South American derivation, including: (1) 
Ordovician to Devonian continental arc sequences, 
closely resembling those of the Famatinian belt, (2) a 
Late Ordovician-Early Silurian Acatecan collisional 
orogen, roughly coeval with the Oclóyic event, fol-
lowed by a later collisional event during the Devonian, 
(3) early-middle Paleozoic fauna with a Gondwanian 
affinity, (4) and an up to Carboniferous evolution away 
from Laurentia (Yañez et al., 1991; Sedlock et al., 
1993; Ortega-Gutiérrez et al., 1999; Sánchez-Zavala et 
al., 1999). Therefore, the Oaxaquia-Acatlán microcon-
tinent may represent the removed fore-arc and arc of 
the Eastern Cordillera of northern Peru, and conse-
quently the hypothetical northern continuation of the 
Arequipa-Antofalla terrane. Our observations in the 
Eastern Cordillera support the paleogeographic 
reconstructions of Dalziel et al. (1994) and Ramos and 
Aleman (2000), which locate in the middle Paleozoic 
this microcontinent close to the Arequipa-Antofalla 
terrane. Alternatively, the Oaxaquia-Acatlán micro-
continent may have rifted from the Colombian-
Venezuelian continental margin (Yañez et al., 1991; 
Keppie and Ortega-Gutiérrez, 1999; Ruiz et al., 1999; 
Sánchez-Zavala et al., 1999). 
I.8.3 Implications of the Paleozoic structural 
evolution 
Paleozoic structures, which overprint in part inherited 
Proterozoic features, have exerted a strong influence 
on the Phanerozoic building of the Andean Cordillera 
in northern Peru. The structures controlled basin for-
mation and evolution of other crustal weakness zones, 
and these, in turn, controlled the distribution of mag-
matism and sedimentation (Jaillard et al., 2000). In 
northern Peru, the main tectonic feature is the NNW-
oriented crustal lineament following the present-day 
Marañón Valley and separating the Eastern from the 
Western Cordillera. According to the distribution of 
the inherited U/Pb zircon dates and the Nd model 
basement ages (Macfarlane, 1999), we suggest this 
lineament is an inherited Proterozoic suture between 
the Arequipa- Antofalla terrane, lacking in northern 
Peru owing to its late Paleozoic removal, and the 
Western Amazonian craton. Through the Paleozoic 
era, the Marañón lineament was periodically 
reactivated. The first direct evidence of its major role 
is given by the NNW-SSE orientation of the Cambro-
Ordovician back-arc basin and its axial position 
slightly west of the Eastern Cordillera in northern 
Peru. Subsequently, this crustal lineament offered a 
passive control on the emplacement of the widespread 
Mississippian calc-alkaline batholiths, such as the 
Pataz Batholith, evolved as a transform zone during 
the opening of the Mississippian pull-apart basins, and 
presumably acted as a major channel for hydrothermal 
fluids during the orogenic gold veining at Pataz. This 
weakness zone was again active during the Permo-
Triassic, with the horst and graben topography formed 
at same location as the early Paleozoic back-arc basins. 
During the Mesozoic-Cenozoic Andean orogeny, this 
suture controlled the formation of the Marañón 
Geanticline, and thus the Mesozoic sedimentation, the 
Late Eocene thrusting, and the Pliocene semi-graben 
formation. 
In addition to the NNW-striking lineaments, the 
Peruvian Andes are segmented by NE- and WNW-
striking weakness zones (Petersen and Vidal, 1996). 
These fractures in the pre-Cenozoic basement were 
active during the Andean orogenies, and are, at least in
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part, inherited from structures developed during Per-
mo-Triassic rifting, Mississippian pull-apart tectonics, 
or even earlier. Some of the major geological 
differences observed in the Paleozoic geology of the 
Peruvian Andes, and in particular the distribution of 
the Paleozoic plutonic belts might be explained by this 
structural pattern (Fig. 8b). 
These lineaments split a domain underneath the 
Western Cordillera (ca. 8°-13°S), which includes the 
so-called Lima segment, into the Arequipa-Antofalla 
terrane to the south, the Western Amazonian craton to 
the east, and the Loja-Olmos terrane (Litherland et al., 
1994) to the north (Fig. 8b). This situation is believed 
to result from the late Paleozoic strike-slip and rifting 
events that, as discussed above and in analogy with the 
models presented by Dalziel et al. (1994), Bahlburg 
and Hervé (1997), and Ramos and Aleman (2000), 
removed the northwest prolongation of the Arequipa-
Antofalla terrane. As previously discussed, the Coastal 
Batholith in the Lima segment displays consistent lead 
and strontium ratios that are not contaminated with an 
upper crustal, highly radiogenic component (Fig. 8a; 
Beckinsale et al., 1985; Mukasa and Tilton, 1985; 
Mukasa, 1986a; Macfarlane et al., 1990; Soler and 
Rotach-Toulhoat, 1990a,b). This craton-free zone, 
illustrated on Figure 8b, corresponds to the lead 
province Ib defined in Macfarlane et al. (1990), whose 
lead is believed to be extracted from an enriched upper 
mantle reservoir. Similarly, the homogeneous stron-
tium ratios (≈0.704) of the Coastal Batholith between 
Pisco and Chimbote (Fig. 8a) are interpreted to reflect 
an OIB-like or an enriched subcontinental mantle 
source modified by subducted sedimentary rocks 
(Soler and Rotach-Toulhoat, 1990a). Another 
argument for this “new” crust is the lack of inherited 
Proterozoic ages in the zircon dates measured in the 
overlying rocks of the aforementioned area (Mukasa, 
1986b). This substantial change in the nature of the 
crust under coastal Peru between Pisco and Chimbote 
has fundamental implications for the building of this 
part of the Andean orogen. Although all the conse-
quences are not yet elucidated, it appears that this 
structural configuration has controlled, in particular, 
the basin development, the tectonic styles, the nature 
of volcanism, and the metallogeny in this region. 
I.9 Conclusions 
The new and previously available field, geochemical 
and geochronological data of the Eastern Cordillera, 
and a comparison with the Paleozoic geology in other 
parts of the Andes, allow us to propose a new model 
for the Paleozoic history of the northern Peruvian 
margin, a piece of the proto-Andean margin often 
disregarded in the existing scenarios. Our model 
involves a Cambro-Ordovician back-arc setting, a Late 
Ordovician-Early Silurian period of accretion of 
terranes to the South American continent, and a 
removal of part of the Arequipa-Antofalla terrane 
during the late Paleozoic. In this scenario, the Eastern 
Cordillera of northern Peru appears as a left behind 
foreland fragment of an Upper Ordovician-Lower 
Silurian orogenic belt. Its present-day geological 
record, characterized by a lull of early Paleozoic fore-
arc and arc plutons and sedimentary rocks, probably 
ensues from the late Paleozoic transtensional and 
rifting events, which caused the detachment of the 
orogenic belt and part of the Gondwana foreland, and 
their movement away as one or several terrane(s), 
possibly up to Central America (Oaxaca-Acátlan 
microplate). 
The post-orogenic history of the left behind Siluro-
Ordovician belt in northern Peru is characterized by a 
magmatic gap during Silurian and Devonian times, 
suggesting that the Eastern Cordillera was at that time 
in a stable foreland situation, far inland from any 
active fore-arc. During Mississippian, the voluminous 
arc-related plutonism and the slightly younger 
transtensional basins are interpreted as inherent part of 
the evolution of a convergent margin undergoing 
uplift. The uplift setting offers adequate conditions for 
formation of orogenic gold deposits, which have been 
dated at ∼314 Ma. The former transtensional context 
evolves into a pure extensional setting towards the late 
Pennsylvanian, with following margin subsidence the 
opening of intracontinental rifts. Extension tectonics 
and the associated horst and graben physiography 
lasted throughout the Permo-Triassic. Arc magmatism 
and related subduction are believed to restart under the 
northern Peruvian edge of the South American craton 
only during the Early Jurassic. From that moment on, 
this edge was a convergent margin, evolving gradually 
by using the inherited Proterozoic and Paleozoic 
structures. 
In summary, this contribution represents a first 
insight into unraveling the intricate evolution of 
northern Peru during the Paleozoic. In view of the 
paucity of the geological knowledge, the proposed 
evolution is inevitably fragmentary and should be 
considered a working hypothesis. It is obvious that a 
better understanding of this history, and modifications 
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or refinements of the proposed model will require 
more detailed work in stratigraphy, and additional 
dating of the metamorphic and igneous events. 
Nonetheless, three concluding features offer stimula-
ting perspectives for future research: 
(1) The domain formed by the Eastern Cordillera of 
northern Peru is a separate entity from the Eastern 
Cordillera of southeastern Peru and Bolivia, and 
appears as the northern equivalent of the Upper 
Ordovician-Lower Silurian Famantinian collisio-
nal belt of northern Argentina. 
(2) The basement under the Peruvian Western 
Cordillera, between Pisco and Chimbote, is not a 
Proterozoic craton, but rather post-Devonian 
oceanic crust, owing to the Mississippian transten-
sional phase and the Permo-Triassic rifting event 
that produced the truncation of the Arequipa-
Antofalla terrane to the northwest. 
(3) The Oaxaca-Acatlán composite terrane, presently 
located in southwestern Mexico, is suspected to be 
rifted from the early Paleozoic margin of northern 
Peru. 
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ABSTRACT: The 40Ar/39Ar dating method has been applied to determine the ages of the different plutonic host rocks and associated 
alteration minerals related to the Pataz gold deposits, a late Paleozoic mineralized belt located in the northern Peruvian Eastern 
Cordillera. This province includes numerous quartz-sulfide gold lodes hosted within the margins of a calc-alkaline batholith and in 
the adjacent metasedimentary rocks. Current genetic models ascribed to these deposits invoke a dominant magmatic component 
related either to a magmatic pulse of the batholith or late hydrothermal activity. 
40Ar/39Ar dating of the diorite-tonalite and granodiorite-monzogranite bodies of the Pataz Batholith provides near Pataz perfect 
plateau ages at 329.2 ±1.4 Ma and 328.1 ±1.2 Ma for biotite separates, and poor ages between 323.0 ±4.0 and 319.6 ±3.2 Ma for 
hornblende separates. The biotite ages are fully consistent with a published 329 Ma U/Pb age for a granodiorite near Parcoy. The 
anomalously young hornblende ages most probably reflect partial argon losses corresponding to outgas of K-rich impurities within 
the amphibole grains. A muscovite sample from an aplite dyke yielded a plateau age at 322.1 ±2.8 Ma, and its neighboring biotite 
sample a plateau age at 325.4 ±1.4 Ma that overlaps at the level of uncertainty. These slightly younger ages implies that the aplites 
represent a late and separate event in the evolution of the Pataz Batholith. The porphyritic monzonite plugs, that crosscut the 
batholith, do not belong to the same Carboniferous event. This magmatic activity was relatively dated as post-Early Albian, which is 
broadly confirmed by an imprecise 137 Ma K-feldspar 40Ar/39Ar age. 
Muscovite alteration intimately associated with the gold mineralization yields 40Ar/39Ar spectra with low-temperature staircase-
shaped patterns followed by plateau segments between 314 and 288 Ma. The youngest plateau-like ages and the staircase steps are 
interpreted to reflect partial argon loss during late fluid circulation associated with the intrusion of the Cretaceous porphyries. The 
three oldest ages at 314-312 Ma are analytically indistinguishable at the 2σ level, and are considered as the most probable, although 
lower, age for the muscovite alteration, and by extension for the gold veining because: (1) the hydrothermal muscovite crystallized 
with the ore paragenesis below or close to the argon retention temperature, (2) the 40Ar/39Ar spectra are significantly younger than the 
322 Ma 40Ar/39Ar cooling age obtained for an aplite muscovite, (3) the analyzed micas are not a mixture with relict magmatic 
muscovite, and (4) the 40Ar/39Ar muscovite dates are synchronous at three different lodes in the Pataz district. The upper age limit of 
the mineralization age is yielded by the 325-322 Ma dates obtained for the aplite. As a result, the hydrothermal muscovite data do not 
represent a cooling age of the Pataz Batholith micas, but a short-lived mineralizing event unrelated to the calc-alkaline plutonism. 
The combination of these isotopic dating results does not support a genetic link between the ≥314-312 Ma Pataz gold deposits and 
the 329 Ma calc-alkaline Pataz Batholith, or the younger porphyry magmatism, thus questioning the models invoking high-level felsic 
intrusions. The Pataz lodes are in many respects analogous to Phanerozoic orogenic gold provinces described in other places. They 
were formed during an episode of uplift within a convergent margin, following cooling and denudation of the Pataz Batholith 
granitoids. The consistency of three hydrothermal muscovite ages, corroborating the uniformity in the parageneses and structural 
features, and the widespread distribution of the lodes require that hydrothermal activity was episodic and of regional extent. All of 
these observations are consistent with tectono-thermal processes occurring in a thickened accretionary margin as the driving 
mechanisms for the release of the ore fluids at the time of the gold mineralizing event. Thus, the pre-existing Pataz Batholith, which 
is the main host of the auriferous lodes, only served as a favorable rheological locus for economic and regular gold-bearing veins. 
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II.1 Introduction 
Ascertaining the accurate timing of gold-bearing veins 
hosted by intrusions is critical for determining the 
origin of the mineralization, and for establishing its 
regional tectonic framework. Two time-conflicting 
genetic models have been proposed for classifying 
most of the deep-seated vein-type gold deposits in 
convergent margins: the orogenic gold deposits, previ-
ously called mesothermal gold deposits (Bohlke, 1982; 
Groves et al., 1998, and references therein), and the 
intrusion-related gold deposits (Sillitoe, 1991; McCoy 
et al., 1997; Sillitoe and Thompson, 1998; Thompson 
et al., 1999; Lang et al., 2000; Thompson and 
Newberry, 2000). In the orogenic model, the timing of 
gold deposition occurs late within the tectonic evolu-
tion of the host terrane, whereas in the intrusion-
related model there is a direct genetic relationship with 
the plutonic host. Distinguishing between these models 
is often difficult because both deposit types share 
many geological features (Groves et al., 1998; Sillitoe 
and Thompson, 1998). Thus the genesis of several 
Phanerozoic intrusion-hosted deposits like Charters 
Towers and Ravenswood in Western Australia (Peters 
and Golding, 1989; Sillitoe, 1991; Perkins and Ken-
nedy, 1998), Mokrsko in Bohemia (Morávek, 1995; 
Thompson et al., 1999) and Ryan Lode in Alaska (e.g. 
McCoy et al., 1997; Goldfarb et al., 1998; Thompson 
et al., 1999; Goldfarb, 1998) is currently the subject of 
intense debate and results in some cases in an ambi-
guous terminology such as plutonic-related meso-
thermal deposits (McCoy et al., 1997). Absolute ages 
provide key information and are in most of the cases a 
tool to help to distinguish between orogenic and 
intrusion-related deposits. Moreover, a proper distinc-
tion between syn- and late-kinematic vein-type gold 
deposits is crucial for exploration planning, because it 
can be only optimized when the fundamental minerali-
zation controls, such as fault zones or intrusion compo-
sitions or both are defined (Sillitoe et al., 1998; Groves 
et al., 2000). 
The mining province of Pataz is one example of 
this controversy (Schreiber, 1989; Schreiber et al., 
1990a; Vidal et al., 1995; Haeberlin et al., 1999; 
Macfarlane et al, 1999), and is situated 470 km north 
of Lima in the Eastern Andean Cordillera of northern 
Peru. The 160-km-long mineralized belt comprises the 
Bolívar, Pataz, Parcoy and Buldibuyo districts and 
encompasses numerous quartz-sulfide lodes located 
within the external part of a calc-alkaline composite 
batholith, locally named Pataz Batholith, and in the 
adjacent lower Paleozoic metasedimentary sequences. 
There is no accepted unifying genetic model for these 
vein-type gold deposits. Tarnawiecki (1929) was the 
first to describe the gold lodes in detail, and linked 
their formation to the injection of presumably Tertiary 
porphyries. Wilson and Reyes (1964) attributed a early 
Tertiary age to the Pataz Batholith because of 
lithological similarities to the Coastal Batholith, but 
Bellido (1972) and Schreiber (1989), advocate a late 
Paleozoic age notably based on the observation that 
the granitoids intrude only lower Paleozoic and older 
rocks. Schreiber et al. (1990b) obtained two 40Ar/39Ar 
total fusion ages at 321 and 305 Ma on granitic rocks 
and confirmed this Paleozoic assumption, and also 
suggest on the basis of fluid inclusion data, that the 
auriferous veins are temporally and genetically related 
to the cooling stage of the Pataz Batholith. On the 
other hand, a U/Pb zircon age of 329 ±1 Ma from a 
granodiorite and a K/Ar age of 286 ±6 Ma on a coarse-
grained hydrothermal muscovite (Vidal et al., 1995) 
indicate a possibility that the mineralization largely 
post-dates the emplacement of the host batholith, and 
may be unrelated to the cooling of its host, as pre-
viously proposed (Macfarlane et al., 1999). In addition, 
it cannot be precluded that the veins are associated 
with a later, yet undated, phase of felsic dike or 
monzonite porphyry magmatism that cut the Pataz 
Batholith (Vidal et al, 1995; Macfarlane et al., 1999). 
Owing to the age ambiguity, Sillitoe and Thompson 
(1998) suggested that the gold deposits are coeval with 
a late pulse of the composite batholith, and tentatively 
classified the Pataz-Parcoy mineralized belt as intru-
sion-related gold deposits, classification which is not 
supported by the results presented in this contribution. 
The aim of this contribution is to determine the 
timing of the successive igneous pulses of the Pataz 
Batholith, the porphyry stocks, and the auriferous 
mineralization and to understand whether the gold 
lodes formed during one of the magmatic events of this 
composite batholith. To achieve this goal, samples of 
hornblende, biotite and muscovite representing the 
different facies of the Pataz Batholith, a K-feldspar 
separate from a porphyry, and samples of muscovite 
from the alteration zones surrounding the gold veins, 
were dated using the 40Ar/39Ar method. The 40Ar/39Ar 
ages are compared with published geochronological 
data, and a time-temperature history of the Pataz 
Batholith and the enclosed vein-type gold deposits are 
given. The role of both the Carboniferous plutonism 
and the hydrothermal activity during the late Paleozoic 
evolution of the Eastern Cordillera are also discussed. 
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II.2 Dated magmatic and ore-forming 
events 
II.2.1 Pataz Batholith 
The 200-km2 Pataz Batholith is emplaced along NNW-
striking fractures within a Upper Proterozoic to Lower 
Cambrian polymetamorphic phyllite basement and its 
overlying Cambro-Ordovician volcanoclastic and 
turbiditic cover sequences (Fig. 1). According to the 
description by Schreiber (1989), two main granitoid 
facies and two populations of late dikes are included 
under this term. The small apophyses at the margins of 
the pluton, considered as the earliest magmatic events, 
have a dioritic to tonalitic composition. The major 
component of the batholith is a medium-grained 
granodiorite, which grades into or is in sharp contact 
with a coarser monzogranite in its core. Felsic and 
lamprophyre dikes, representing respectively peralu-
minous and hypabyssal activities of the Pataz 
Batholith, cut the diorite-tonalite and the granodiorite-
monzogranite bodies. The felsic dikes occur in the 
apical part of the intrusion either as abundant tilted 
thin aplites, or as small-sized pink granite stocks 
commonly with pegmatite cores. The rare lampro-
phyres were injected subsequent to the aplites and 
granitic stocks as northerly striking, east-dipping 
dikes, but are, in turn, crosscut and strongly altered by 
the gold-bearing veins. Trace and rare earth element 
geochemistry suggest that the I-type Pataz Batholith 
was emplaced in a subduction-related environment, 
and the strontium isotopes and U-Pb systematics 
indicate an extensive incorporation of crustal material 
by a mantle-derived magma (Vidal et al., 1995; this 
study). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 - Schematic geological map of the Pataz gold province with the location of the sampling areas and the major gold deposits.
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II.2.2 Porphyritic monzonite stocks 
Amongst the different magmatic bodies intruding the 
pre-Silurian basement of the Eastern Cordillera and the 
Pataz Batholith Vidal et al. (1995) link the subvolcanic 
porphyries to the gold mineralizing event. Near Pataz, 
these porphyries occur as plugs up to 1-km wide in 
diameter, outcropping mainly along the edges of the 
Pataz Batholith within the lower Paleozoic volcano-
sedimentary units. Most of them are of granodioritic to 
monzonitic composition; some of them are tonalitic. 
As documented west of the Buldibuyo district (Fig. 1), 
the porphyritic granodiorite to monzonite stocks are 
also emplaced concordantly along the bedding of the 
Permo-Triassic Pucára limestones and in the 
Neocomian-Early Aptian Goyllarisquizga Group 
(Schreiber, 1989); the later unit is to our knowledge 
the youngest porphyry-host unit in the Pataz region. 
In the Parcoy district (Fig. 1), along the faulted 
margins of the Pataz Batholith, comparable porphyry 
plugs are host of stockwork-type mineralizations 
surrounded by an intense potassic alteration and 
containing pyrite, pyrrhotite, chalcopyrite, magnetite 
and gold. Previously, Vidal et al. (1995) interpreted 
these gold-bearing structures as cogenetic with the 
Pataz shear-zone hosted gold lodes, and used the 
fortuitous relationship between the stockwork-type 
mineralization and the Pataz Batholith to interpret the 
shear-zone hosted gold lodes as intrusion-related ores. 
However, the paragenesis, alteration and mineraliza-
tion style are unlike the ones of the structurally-
controlled gold lodes, suggesting that the two episodes 
of hydrothermal activities are unrelated to each other. 
II.2.3 Pataz lode-gold deposits 
The Pataz gold province (7°20’-8°10’S, 77°20’-
77°50’W) is known since the Inca time (15-16th 
centuries) and covers at least a 160-km-long and 1- to 
3-km-wide region (7°20’-8°10’S, 77°20’-77°50’W), 
extending first along the right side of the Marañón 
Valley from Bolívar to Pataz (Schreiber, 1989; 
Schreiber et al., 1990a; Haeberlin et al., 1999, 2000), 
then striking to the southeast to the Parcoy (Vidal et 
al., 1995; Macfarlane et al., 1999) and Buldibuyo 
districts (Fig. 1). The deposits, hosted by second and 
third-order structures to the east of a major NNW-
striking lineament, appear predominantly as arrays of 
1- to 5-km-long parallel quartz veins located along the 
margins and within the Pataz Batholith, and less 
commonly as branching and bedding-concordant ore 
shoots in the adjacent Upper Proterozoic to Ordovician 
metasedimentary rocks. Over the past 100 years, more 
than 16 underground mines, distributed over the entire 
province (Fig. 1), produced a total of 6 Moz gold, 
mainly from 1925 to 1960 and from 1980 onward. In 
2000, the production of the province amounted to 
380’000 ounces, which represents about 9 percent of 
the gold produced in Peru. Grades in the mined ore 
shoots vary between 7 to 15 g/t Au, and locally reach 
about 120 g/t Au. Further gold resources are estimated 
at 40 Moz at least for the province. 
Structural analysis of the deposits outlines four 
synchronous sets of mineralized fractures in the Pataz 
district. The predominant N- to NW-striking, E- to 
NE-dipping system, which is located in reverse-dextral 
faults, accounts for more than 80 percent of the gold 
resources of the district. Three subordinate systems 
include, in decreasing order of economic importance, 
(1) E-W-striking extensional veins, (2) bedding-con-
cordant veinlets in fold limbs and hinges in the 
Ordovician slates, and (3) weakly mineralized roughly 
E-W-striking, sinistrally-slipped vertical faults. The 
four sets of mineralized fractures crosscut and hydro-
thermally alter the aplite and lamprophyre dikes. The 
relationship of the lode-gold mineralization with the 
porphyry bodies is unclear owing to the absence, at 
least in the Pataz district, of direct contacts. 
The Pataz gold deposits are notable for their 
elevated base metal sulfide contents (10 to 50 vol.%), 
and the vertical and lateral homogeneity of their ore 
and alteration paragenesis over the entire metallogenic 
belt. The lodes present an invariable Au, Ag, As, Fe, 
Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W) metal association, and a 
three-stage mineralization sequence. The first stage is 
composed of milky quartz, pyrite, arsenopyrite and 
ankerite. The second one post-dates a fracturing event 
and consists of blue-grey quartz, galena, sphalerite, 
chalcopyrite, Sb-sulfosalts, electrum and native gold. 
A post-ore stage consists of white quartz, calcite and 
dolomite in crosscutting veinlets. A pervasive 10-cm- 
to 10-m-wide pale green hydrothermal alteration halo 
developed in the immediate plutonic rocks and 
hornfels bordering the lodes. This alteration consists of 
intense sericitization, with little chlorite, carbonate and 
pyrite. 
Corroborating the uniformity in the structural style, 
ore sequence, alteration, and metal association, the 
Pataz lodes present an overall isotopic homogeneity 
that argues for a regional fluid flow at scales of several 
tens of kilometers. In term of fluid sources, the 
calculated stable isotope compositions of the ore-
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forming fluid (stage I/II: Df = -25 ±10‰, δ18Of = 7 
±2‰, δ13CΣC = -3 ±1‰, and δ34SΣS = 2 ±2‰) are non-
diagnostic, and reflect the fluid-rock interactions tak-
ing place along the pathways, with values resulting 
from a mixture of the intersected lithologies. The 
radiogenic isotope tracers (Pb, Sr) reveal a substantial 
metal input external to the host pluton and presumably 
from lower crustal rocks. According to the fluid 
inclusion study, the ore fluids related to the early 
pyrite stage are moderately saline and CO2-free brines, 
that appear to have post-dated low-salinity aqueous 
carbonic fluids of possible crustal origin. The decrease 
of the fluid salinities during the gold stage is indicative 
of the income of a third and dilute fluid in the 
hydrothermal system, that is presumably sourced from 
downgoing surface waters. This dilution and the 
associated drop in sulfur activity are interpreted as the 
main mechanisms responsible for gold deposition at 
330 ±50°C according to δ34S geothermometry. 
II.3 Analytical method 
Incremental-heating analyses on multi-grain mineral 
samples were performed at the University of Lausanne 
40Ar/39Ar Geochronology Laboratory. The mineral 
concentrates were prepared from crushed and sieved 
bulk rock samples, using a shaking table and a 
magnetic separator. They were further cleaned by 
ultrasonic treatment, and approximately 20 mg of pure 
material was selected by manual picking, and then 
loaded in tin foils. The separates meet the following 
conditions: (1) a purity of 99 percent or greater; (2) a 
total absence of chlorite; (3) a grain size between 200 
and 500 µm for the magmatic minerals, and between 
50 and 200 µm for the hydrothermal muscovite. 
Samples together with the standards were irradiated for 
18 MWH with cadmium shielding in the CLCIT 
facility of the Oregon State Triga reactor. All analyses 
were made using a low blank, double vacuum 
resistance furnace and metal extraction line connected 
to a MAP 215-50 mass spectrometer using an electron 
multiplier. The samples were incrementally heated in 
the furnace and the gas was expanded and purified 
using activated Zr/Ti/Al getters and a metal cold finger 
maintained at liquid nitrogen temperature. Time zero 
regressions were fitted to data collected from eight 
scans over the mass range 40 to 36. Peak heights above 
backgrounds were corrected for mass discrimination, 
isotopic decay and interfering nucleogenic Ca-, K- and 
Cl-derived isotopes of Ar. Blanks were measured at 
temperature and subtracted from the sample signal. For 
mass 40, blank values ranged from 4 × 10-15 moles 
below 1350°C to 9 × 10-15 moles at 1650°C. Blank 
values for masses 36-39 were below 2 × 10-17 moles 
for all temperatures. Isotopic production ratios for the 
Triga reactor were determined from analyses of 
irradiated CaF2 and K2SO4 and the following values 
have been used in the calculations: 36Ar/37Ar (Ca) = 
0.0002640 ±0.0000017, 39Ar/37Ar (Ca) = 0.0006730 
±0.0000037, and 40Ar/39Ar (K) = 0.00086 ±0.00023. A 
mass discrimination correction of 1.008 amu was de-
termined by online measurement of air and was 
applied to the data. Correction for the neutron flux was 
determined using the biotite standard HD-BI 
(Fuhrmann et al., 1987) assuming an age of 24.21 Ma 
(Hess and Lippolt, 1994). The later interlaboratory 
comparison (based on conventional -isotope dilution- 
technique results) leads to an observed interlaboratory 
standard deviation of 0.32 Ma, or a (2σ) uncertainty of 
2.5 percent on the age. For this investigation, an uncer-
tainty on the neutron flux (J) was determined with a 
precision of 0.5 percent, and this uncertainty is 
propagated throughout the uncertainties on the repor-
ted ages. All ages and regressions in this paper are 
reported at the 95 percent confidence level. 
The criteria used for the identification of the 
plateau are the existence of four or more contiguous 
gas fractions with analytically indistinguishable ages 
(2σ level) and all together representing more than 50 
percent of the total 39Ar released (Dalrymple and 
Lanphere, 1971). This condition is rarely satisfied for 
the analyzed minerals. However, several spectra 
exhibit flat plateau-like segments, and forced “plateau 
ages” were calculated for such segments. The uncer-
tainty in the plateau and plateau-like segment ages 
comprises the error in the J-value, but does not include 
an error in the age of the flux monitor or the decay 
constant; errors which should be included when com-
paring with other dating techniques (Min et al., 2000). 
The isochron plot constructions, sometimes used to 
evaluate the composition of the non-radiogenic argon 
trapped in the dated minerals, were not applicable to 
the analyzed samples. 
II.4 40Ar/39Ar results and discussion 
II.4.1 Pataz Batholith magmatic phases 
Fresh diorite, tonalite, granodiorite, monzogranite and 
aplite were sampled for geochronology from surface
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Table 1 - 40Ar/39Ar dated magmatic minerals. 
 Sample Mineral Locality Coordinates Lithology  
  Pataz Batholith hornblende       
 YPP 01 Fe-hornblende Papagayo mine, Pataz district E-211'300 N-9'146'870 1785 m granodiorite  
 YPP 02 Fe-hornblende Papagayo mine, Pataz district E-211'610 N-9'146'590 1785 m granodiorite  
 YPP 03 Mg-hornblende Papagayo mine, Pataz district E-211'150 N-9'146'630 1770 m diorite  
 YPP 08 Mg-hornblende (zoned) Papagayo mine, Pataz district E-211'160 N-9'146'690 1650 m tonalite  
  Pataz Batholith mica       
 YPP 02 biotite Papagayo mine, Pataz district E-211'610 N-9'146'590 1785 m granodiorite  
 YSF 22 biotite Paraiso, Pataz district E-210'560 N-9'147'850 2420 m monzogranite  
 YSF 19 biotite Paraiso, Pataz district E-210'460 N-9'147'830 2420 m aplite dike  
 YSF 19 muscovite Paraiso, Pataz district E-210'460 N-9'147'830 2420 m aplite dike  
  Porphyritic stock feldspar       
 YSF 45 K-feldspar Cerro Charpas, Pataz district E-214'200 N-9'150'090 3460 m porphyritic monzonite dike  
 
outcrops and underground mines within a radius of 10 
km around Pataz (Table 1). The chemical compo-
sitions of the dated minerals were examined with an 
electron microprobe (Appendix 1). According to the 
nomenclature proposed by Leake (1978), the amphi-
boles are magnesiohornblendes in diorite and tonalite, 
and ferrohornblende in the granodiorite. Biotite, a 
widespread mineral in granodiorite and more evolved 
rocks, has a homogeneous composition, with a narrow 
range of Mg/(Mg+Fe) ratios (0.31 to 0.37), and a low 
AlVI content (<0.13), except in the aplite, in which it 
has higher AlVI (> 0.40), reflecting the peraluminous 
chemistry of the whole rock. The white mica, which is 
present only in the aplite, has very nearly the ideal 
composition of muscovite. 
The four hornblende separates, whatever their host 
rock is, provide slightly convex 40Ar/39Ar age spectra 
(Fig. 2), with total gas ages ranging from 314 to 307 
Ma, similar to the 305 ±8 Ma age measured by 
Schreiber et al. (1990b). Their intermediate heating 
steps, representing from 42.8 to 68.4 percent of 39Ar 
released, exhibit flat segments, whose weighted means 
correspond to ages ranging from 323.0 ±4.0 Ma to 
319.6 ±3.2 Ma (Table 2, Appendix 2). Overall, the four 
ages are statistically indistinguishable, suggesting that 
the dioritic-tonalitic apophyses and the granodioritic 
bodies are broadly coeval. 
The biotite samples yield total fusion ages tightly 
clustered around 322 Ma, in agreement with a 321 ±1 
Ma old age obtained by Schreiber et al. (1990b). Their 
step-heating spectra display broad plateau ages (Fig. 
3a-c) at 328.1 ±1.2 Ma for the granodiorite, at 329.2 
±1.4 Ma for the monzogranite, and at 325.4 ±1.4 Ma 
for the aplite dike (Table 2, Appendix 2). The ages of 
the granodiorite and monzogranite overlap at the level 
of uncertainty and confirm their close association in 
the field. By contrast, the difference of 4-5 m.y. in the 
aplite age is significant to assume that this pulse repre-
sents a late and separate event in the evolution of the 
Pataz Batholith. 
The YSF 19 muscovite separate, from a late aplite 
dike, displays a well-defined plateau, representing 86.2 
percent of 39Ar released (Table 2, Appendix 2) and a 
corresponding age of 322.1 ±2.8 Ma (Fig. 3d). This 
muscovite date is analytically indistinguishable at the 
2σ level from the 325.4 ±1.4 Ma age of its neighboring 
biotite. It also confirms the supposed time gap between 
the granodiorite/monzogranite bodies and the aplites. 
Interpretation of the hornblende and biotite ages 
From the above data, the 329 to 325 Ma biotite ages 
are inconsistent with the 323 to 319 Ma hornblende 
ages, as they are in flagrant contradiction with the 
expected argon closure temperatures of both minerals 
(~300°C for biotite in Harrison et al., 1985, and ~500 
to ~600°C for hornblende in Harrison, 1981 and Villa 
et al., 1996). As discrepancy appears in a granodiorite 
sample in which coexisting hornblende and biotite 
have been dated (YPP 02), these ages are probably not 
related to differential uplift histories, but provides 
compelling evidence for a major problem in the biotite 
or hornblende separates. The same inconsistency is ob-
served in the total gas ages, including the data of 
Schreiber et al. (1990b), with dates ranging from 314 
to 307 Ma for hornblende samples and at ca. 322 Ma 
for biotite samples. 
Possible explanations of this discrepancy include: 
(1) hornblende samples are slightly too young due 
to40Ar loss via alteration or episodic outgassing, and/or 
(2) the biotites contain excess 40Ar. Detailed analysis
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Fig. 2 - 40Ar/39Ar step-heating spectra and corresponding K/Ca plots from four igneous hornblende separates from acid to intermedi-
ate rocks of the Pataz Batholith. 
Table 2 - Summary results of the 40Ar/39Ar incremental heating analyses performed on igneous hornblende and mica separates from 
the Pataz Batholith, and on a single orthoclase separate from a porphyritic monzonite dike. 
Sample # Host rock Mineral Spectrum shape Steps % 39Ar Plateau ages Total gas ages 
   T (ºC) released (Ma ± 2σ) (Ma) 
  Pataz Batholith (main pulses)        
 YPP 01 Granodiorite hornblende disturbed 1000-1050 42.8 321.8 ± 1.2 307.1  
 YPP 02 Granodiorite hornblende disturbed 975-1150 66.4 323.0 ± 4.0 314.8  
 YPP 03 Diorite hornblende disturbed 1000-1150 63.2 321.4 ± 3.8 312.9  
 YPP 08 Tonalite hornblende disturbed 1000-1130 68.4 319.6 ± 3.2 313.2  
 YPP 02 Granodiorite biotite plateau 850-1225 83.6 328.1 ± 1.2 323.3  
 YSF 22 Monzogranite biotite plateau 850-1150 92.6 329.2 ± 1.4 322.2  
  Pataz Batholith (late pulses)        
 YSF 19 Aplite dike biotite plateau 800-1100 88.2 325.4 ± 1.4 322.9  
 YSF 19 Aplite dike white mica plateau 900-1200 86.2 322.1 ± 2.8 320.6  
  Porphyritic stocks         
 YSF 45 Monzonite dike orthoclase saddle 1000-1200 61.2 137.4 ± 3.4 151.8  
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Fig. 3 - 40Ar/39Ar step-heating spectra of three biotite and one muscovite separates from rock samples representing the main 
granodiorite/monzogranite magmatic phase (a, b), and the late aplite magmatic phase (c, d) of the Pataz Batholith. 
of the hornblende spectra show that the low-
temperature steps and the steps around 1100°C yield 
younger apparent ages corresponding to high K/Ca 
ratios (Fig. 2). These steps may reflect outgas of some 
K-rich contaminant phase during the experiment. Such 
an assumption is consistent with a petrographic evi-
dence for tiny secondary biotite inclusions inerlayered 
in the amphibole grains. The alternate possibility that 
the analyzed biotites yield anomalously old dates due 
to excess Ar contamination is dismissed because their 
age spectra do not present significant humps (Fig. 3a-
c), and X-ray diffraction on the separates do not point 
out to chlorite sheets in the biotite cleavages. 
In view of the preceding observations, we interpret 
the disturbed hornblende data as the problematic set 
and the well-defined plateau ages of the biotites as 
reliable. Such an interpretation is reinforced by the 
concordance within error of the 40Ar/39Ar biotite ages 
with the U/Pb zircon age of Vidal et al. (1995). Hence, 
40Ar/39Ar plateau ages derived from the biotite samples 
may approximate crystallization ages of the Pataz 
Batholith. In contrast, hornblende ages have poor geo-
logical meaning. Given the argon loss, they represent 
minimum ages for the dated pulses, but these age 
approximations, since part of them are younger than 
the 322 Ma muscovite age obtained for an aplite dyke, 
are conflicting with the geological indications that 
aplites crosscut the diorite-tonalite and granodiorite-
monzogranite bodies. As a consequence, the four horn-
blende ages raise doubts as to their accuracy for 
tracing the geological evolution of the batholith, and 
are thus discarded from further discussion. 
II.4.2 Porphyry magmatism 
A representative sample for the porphyry event was 
obtained from a 50-m-wide fresh subvolcanic dike, in 
sharp contact with the Cambrian meta-andesites, and 
outcropping 15 km north of the Pataz village. This 
dike is geochemically a monzonite with approximately 
30 vol. percent of mm-sized phenocrysts, that are in 
decreasing abundance quartz, plagioclase, K-feldspar, 
and minor biotite and pyrrhotite. The dated K-feldspar 
crystals are perthitic and euhedral, and have K2O com-
positions ranging between 15.7 and 16.4 wt. percent 
and trace amounts of BaO (Table 2). 
The K-feldspar separate yields a saddle-shaped 
spectrum (Fig. 4), with a total 40Ar/39Ar fusion age of 
151.8 ±0.2 Ma. An imprecise preferred age calculated 
with the intermediate plateau-like steps, representing
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Fig. 4 - 40Ar/39Ar step-heating spectrum of a K-feldspar sepa-
rate from a porphyritic monzonite dike, intruding Cambrian 
meta-andesites. 
61.2 percent of the released argon is 137.4 ±3.4 Ma 
(Table 1, Appendix 2). Because a saddle-shaped incre-
mental-heating pattern commonly reflects the presence 
of excess argon, the ~137 Ma age is considered as a 
maximum cooling age for the porphyritic monzonite 
stock. Comparison with the supposed post-Early Ap-
tian age inferred from geological observations, this 
40Ar/39Ar date appears to be at least about 30 m.y. too 
old, consistent with the excess argon presumption. 
Nonetheless, the 40Ar/39Ar date, despite the probable 
excess argon together with the field observations 
support a Cretaceous age for the porphyry magmatism, 
and a distinct event with respect to the granitoids and 
felsic dikes of the Pataz Batholith. 
II.4.3 Gold mineralization 
Five muscovite samples from the major lodes in the 
Pataz district, and one from the Culebrillas mine in the 
southern Parcoy district were dated by 40Ar/39Ar (Table 
3). Samples YTN 20 and YEX 21B were collected 
from the core of the quartz lode, in which the 
muscovite with fine-grained, blue-grey quartz fills 
cracks crosscutting the early euhedral, milky quartz. 
Sample YLL 10 is a pervasively altered hornfels, with 
an intricate fine-grained quartz-muscovite assemblage, 
crosscut by euhedral quartz and calcite in veinlets. The 
remaining samples (YTN 16, YLL 13 and YPP 13) are 
strongly sericitized wallrock granodiorites. They 
contain hydrothermal muscovite replacing magmatic 
plagioclase and biotite, growing among polygonal 
quartz while preserving the original rock texture. 
Under the microscope, the muscovite appears undefor-
med and chlorite-free, and ranges in size from 10 to 
200 µm. Chemically, the pale green species can be 
classified as pure muscovite, and the emerald one 
(YTN 20), typical of lodes emplaced along lam-
prophyre dikes, with minor chromium as fuchsite 
(Appendix 1). 
The 40Ar/39Ar age spectra and data summary are 
presented in Figure 5 and Table 4, and the complete 
analytical parameters are given in Appendix 2. The six 
muscovite samples produce monotonically rising 
incremental-heating spectra, with steps above 1000°C 
yielding flat, plateau-like segments. Their total fusion 
ages range between 295 and 255 Ma, which are similar 
to a previously published K/Ar age of 286 ±6 Ma 
(Vidal et al., 1995). The 40Ar/39Ar spectra are inter-
preted as a superposition of two events: the ore-
forming event during the Carboniferous recorded by 
the plateau-like steps, and then an overprinting event 
during the Cretaceous observed in the low-temperature 
heating steps. 
The weighted mean averages of the plateau-like 
steps representing 34 to 52 percent of the total released 
39Ar yield three ages between 314 and 312 Ma, two 
ages at 305 Ma, and one significantly younger age at
Table 3 - Descriptive table of 40Ar/39Ar dated hydrothermal muscovite separates. 
 Sample Mineral Grain size Locality Coordinates Description  
 YLL 13 muscovite <100 µm La Lima 2 vein, La Lima 
deposit, Pataz district 
E-210'350 N-9'148'100 2000 m Sericitized granodiorite with calcite veins 
and minor pyrite and arsenopyrite 
 
 YTN 20 fuchsite 50-200 µm Pencas piso vein, El Tingo 
deposit, Pataz district 
E-211'750 N-9'142'720 2655 m Breccia ore with fuchsite slivers, coarse 
pyrite and some arsenopyrite 
 
 YTN 16 muscovite <200 µm Consuelo vein, Consuelo 
deposit, Pataz district 
E-211'690 N-9'145'250 1810 m Sericitized granodiorite, crosscut by late 
calcite and quartz veinlets 
 
 YPP 13 muscovite 80-200 µm Mercedes vein, Papagayo 
deposit, Pataz district 
E-210'810 N-9'146'990 1870 m Sericitized granodiorite containing 
disseminated pyrite 
 
 YEX 21B muscovite <100 µm Picaflor vein, Culebrillas 
deposit, Parcoy district 
E-225'990 N-9'117'900 2610 m Breccia ore with sericite slivers and 
coarse pyrite 
 
 YLL 10 muscovite <150 µm La Lima 2 vein, La Lima 
deposit, Pataz district 
E-210'350 N-9'148'180 2000 m Sericitized hornfels enclave crosscut by 
late calcite and quartz veinlets 
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Fig. 5 - 40Ar/39Ar step-heating spectra of hydrothermal muscovite separates from alteration related to the gold lodes of the Pataz 
province. 
288 Ma (Table 4). The three oldest dates (YLL 13, 
YTN 20, and YTN 16, Fig. 5a-c) may be interpreted, 
since they overlap at the 2σ level, as the most reliable 
age for the formation of muscovite alteration, and 
consequently for the age of quartz-gold veins. Alterna-
tively, in view of the monotonically rising age spectra 
(Fig. 5a-c), they may represent the lower approxima-
tion of the mineralization age. The two muscovite 
samples at 305 Ma (YEX 21B and YPP 13, Fig 5d and 
e) and the younger one at 288 Ma (YLL 10, Fig. 5f), 
consistent with their younger fusion ages and lower 
apparent ages for the initial steps, probably underwent 
greater argon loss during the later thermal perturbation. 
The greater argon loss in these samples, in the absence 
of macroscopic evidence, could correspond to an in-
creased proximity to the overprinting heat source. Al-
ternatively, these younger plateau-like ages could 
reflect some problems inherent with a high variability 
of the muscovite grain size and cooling through a 
variable argon retention temperature or possibly 
include some argon recoil artifacts. The slowly rising 
shape of the intermediate step preceding the plateau 
segments, a common feature of the six spectra, could 
eventually be interpreted in this way. The possibility 
that the ~313, ~305 and ~288 Ma plateau-like ages 
define more than one mineralizing event, is considered 
as very unlikely, since two contiguous muscovite 
samples (YLL 10 and YLL 13) from the same lode and
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Table 4 - Summary results of the 40Ar/39Ar incremental heating analyses of six hydrothermal micas related to the gold mineralization. 
Sample # Veins Mineral Spectra shape Steps % 39Ar Plateau ages Total gas ages 
   T (ºC) released (Ma ± 2σ) (Ma) 
 YLL 13 La Lima 2 muscovite staircase, then plateau segments 1000-1100 45.2 312.1 ±0.8 294.3  
 YTN 20 Consuelo fuchsite staircase, then plateau segments 1000-1200 49.6 313.5 ±1.4 294.9  
 YTN 16 Pencas piso muscovite staircase, then plateau segments 1000-1100 33.7 314.1 ±1.2 289.8  
 YPP 13 Mercedes muscovite staircase, then plateau segments 1000-1100 51.2 304.9 ±3.0 279.6  
 YEX 21B Picaflor muscovite staircase, then plateau segments 1000-1200 49.0 304.8 ±1.4 280.5  
 YLL 10 La Lima 2 muscovite staircase, then plateau segments 1000-1100 42.9 287.5 ±2.8 255.6  
 
inevitably representing a unique ore-forming event, 
yield significantly different ages, thus clearly showing 
variable argon loss in the measured samples. 
In all six 40Ar/39Ar age spectra, the low-temperature 
steps can be interpreted as recording a Late Jurassic or 
Early Cretaceous thermal overprint. Because partial 
resetting is not observed in the fresh intrusive samples 
of the Pataz Batholith, such resetting was probably the 
result of channeled hot fluid circulation along per-
meable conduits, such as the mineralized veins. A like-
ly support for the migration of external waters in the 
lodes is given by the entrapment of trails of large post-
ore polygonal H2O-NaCl-CaCl2 secondary fluid inclu-
sions in the ore and gangue minerals (Haeberlin et al., 
2000). The only thermal event which coincides in time 
and space, and could have driven this fluid circulation, 
appears to be the magmatism associated with the 
porphyritic monzonite dike dated at 137 Ma. 
The produced age spectra for the hydrothermal 
muscovites may be fitted to theoretical diffusive loss 
curves (Crank, 1975) in order to deduce a maximum 
age for the mineralization. However, this necessitates 
some assumptions on the diffusion coefficients, which 
are difficult to set in the analyzed samples owing to the 
heterogeneity of the grain sizes and shapes. Another 
problem is the lack of accurate time data, in particular 
on the effective duration of the heating event and its 
absolute age. Thus, as the uncertainties behind the cal-
culations are too broad to yield a reasonable geological 
age, the argon diffusion modeling was not applied to 
the muscovite data. 
In summary, the three 314-312 Ma ages measured 
on the hydrothermal muscovite separates represent the 
most probable age, although lower, of the mine-
ralization, because: (1) the hydrothermal muscovite 
crystallized with the ore paragenesis at 310 to 380°C 
(δ18O geothermometry on muscovite-quartz pairs in 
Haeberlin et al., 2000), that is below or close to the 
expected argon closure temperature of the white mica, 
(2) the higher parts of their 40Ar/39Ar spectra are 
significantly younger than both the 322.1 ±2.8 Ma 
plateau age and the 320.6 Ma total fusion age obtained 
for the aplite muscovite, (3) the analyzed micas are not 
contaminated with relict magmatic muscovite, as the 
latter is absent in the host samples, and (4) the 
40Ar/39Ar muscovite data are reproducible in at least 
three different veins in the Pataz district. An older age 
is possible but appears less reasonable considering the 
fourth argument. The upper age limit of the 
mineralization age is yielded by the 325-322 Ma dates 
obtained for micas from a late aplite dyke. As a result, 
the hydrothermal muscovite data do not represent a 
cooling age of the Pataz Batholith micas, but a minera-
lizing event unrelated to the immediate calc-alkaline 
plutonism. 
II.5 Implications of the 40Ar/39Ar ages 
II.5.1 The Pataz Batholith in the evolution of the 
Eastern Cordillera 
A review of the available geochronological data 
(Petersen, 1999) shows three main plutonic Paleozoic 
belts separated in time and space in Peru: (1) Cambrian 
to Devonian age in the coastal Arequipa-Antofalla 
terrane, (2) Late Devonian to Early Carboniferous age 
in the northern Eastern Cordillera, and (3) Permian to 
Early Triassic age in the central and southern Eastern 
Cordillera. Trace element geochemistry of the 329 Ma 
old Pataz Batholith suggests an emplacement in a 
convergent margin setting, and radiogenic isotopes 
reveal a mantle-derived melt with an extensive 
incorporation of an old crustal material. To our 
knowledge, calc-alkaline granitoids of similar age and 
geochemistry are found in Peru only north of the 
latitude 11°30’S (Table 5 and Fig. 6). The three isoto-
pically dated examples, which represent only tiny 
slices of all the possible intrusion candidates, are the 
Pacococha adamellite near Junín (Mégard, 1978), the
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Table 5 - Summary table of the published radiometric ages of the Devonian and Carboniferous calc-alkaline intrusions emplaced in 
the Eastern Cordillera of the northern Peruvian Andes. 
Method Mineral Geological unit Rock Area Age (Ma) Reference  
 Pataz Batholith  
40Ar/39Ar hornblende Pataz Batholith - Pataz 305 ± 8 a Schreiber et al. (1990b) 
40Ar/39Ar biotite Pataz Batholith - Pataz 321 ± 1 a Schreiber et al. (1990b) 
U/Pb zircon Pataz Batholith granodiorite Parcoy 329 ± 1 Vidal et al. (1995)  
40Ar/39Ar biotite Pataz Batholith granodiorite Pataz 328.1 ± 1.2 this study 
40Ar/39Ar biotite Pataz Batholith monzogranite Pataz 329.2 ± 1.4 this study  
40Ar/39Ar biotite Pataz Batholith aplite dyke Pataz 325.4 ± 1.4 this study 
40Ar/39Ar muscovite Pataz Batholith aplite dike Pataz 322.1 ± 2.8 this study 
 Devono-Carboniferous plutons along the Eastern Cordillera (northern Peru)  
K/Ar biotite Balsas Pluton rosa granite Balsas, Celedín 347 ± 7.3 Sánchez (1983)  
K/Ar biotite Callangate Pluton granodiorite-monzogranite Chalabamba, Bolivar 329 ± 10 Sánchez (1995)  
K/Ar biotite Callangate Pluton granodiorite-monzogranite Chalabamba, Bolivar 338 ± 8 Sánchez (1995)  
K/Ar biotite Pacococha adamellite adamellite Pacococha, Junín 346 ± 10 Mégard (1978)  
a Total 40Ar/39Ar ages = K/Ar ages 
 
Balsas rosa granite east of Celendín (Sánchez, 1983) 
and the Callangate Pluton close to Bolívar (Sánchez, 
1995). Alike the Pataz Batholith, the Pacococha, 
Balsas and Callangate intrusions could belong to a 
single major subduction-related magmatic belt. At the 
scale of the Andes, coeval plutonism is documented 
only in North Chile at about 21°S, and in central-
western Argentina between 31 and 32°30’S (Petersen, 
1999). Despite the few geochronological data availa-
ble, this geographical repartition does not appear to be 
fortuitous. It probably reflects a stronger magmatic 
activity in Peru north of 11°30’S, and by extension, 
draws attention to a particular geotectonic setting for 
this part of the proto-Andean margin during the Mis-
sissippian. 
II.5.2 Relationships between the auriferous lodes 
and their host 
The different isotopic ages obtained for the minera-
lization event and for intrusion of the Pataz Batholith 
are compared in a synthetic temperature-time diagram 
(Fig. 7). The 286 Ma K/Ar mineralization age of Vidal 
et al. (1995) that reflects a mixing of two events, the 
two 40Ar/39Ar total fusion ages in Schreiber et al. 
(1990b) equivalent to K/Ar ages, and the disturbed 
40Ar/39Ar hornblende ages are not considered because 
of their questionable geological significance and/or 
their lack of accuracy. The comparative history of the 
host batholith, including the aplite dykes, and the min-
eralization (Fig. 7) was reconstructed on the basis of 
crystallization temperatures respectively of 750 ±50°C 
for the dated zircon and of 310-380°C for the hydro-
thermal muscovite, and argon retention temperatures 
respectively of ~400°C for magmatic muscovite 
(Kirschner et al., 1996), and ~300°C for biotite 
(Harrison et al., 1985). This T-t diagram outlines a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 - Map of the Late Devonian-Early Carboniferous calc-
alkaline plutons in Peru with the location of the published 
isotopic ages. For references and details see Table 5. 
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series of three, apparently unconnected, events during 
the Carboniferous (Fig. 7): (1) the main granodioritic-
monzogranitic pulses of the Pataz Batholith at ~329 
Ma, (2) the peraluminous aplite magmatism at ~325-
322 Ma, and (3) the lode gold mineralization close to 
313 Ma. Furthermore, it suggest owing to the contem-
poraneity within errors of the 40Ar/39Ar cooling ages in 
biotites and the U/Pb age in zircon (Vidal et al., 1995) 
that the studied main magmatic differentiation pro-
ducts of the batholith were formed and cooled in a 
short interval close to 329 Ma. This local assumption, 
if confirmed regionally, would imply that at ~313 Ma, 
the most probable age of the mineralization, the 
different pulses of the batholith, except possibly the 
lamprophyres, for which no unaltered rock was found 
for dating, were already emplaced and cooled, thus 
questioning the orthomagmatic model presented in 
Schreiber et al. (1990a) 
Various structural, lithological and alteration 
observations corroborate the inferred passive role assi-
gned to the batholith from the absolute dating results 
presented here. Primarily, the location of the minerali-
zation is controlled by a number of parameters external 
to the host pluton, in particular by a pre-existing 
NNW-striking lineament, as channelway for the gold-
bearing fluids, and by shear-zones, acting as traps for 
the ores. Besides the structural controls, lodes deve-
loped preferentially in granitoids or at their contacts, 
clearly showing the influence of the host rock 
competency. In addition, the hydrothermal alteration 
restricted to narrow rims around the mineralized zones 
provides, as already stated by Macfarlane et al. (1999), 
strong evidence for the cooling of the intrusion before 
the emplacement of gold veins. In contrast, features 
such as base metal content and high salinities of the 
ore fluids, that were used together with the I-type 
nature of the batholith by Sillitoe and Thompson 
(1998) for interpreting the lodes as intrusion-related 
deposits, are equivocal and are not diagnostic to allow 
any classification. Stable and radiogenic isotopes place 
a severe limitation on the high-level plutonic model, 
since they suggest that crustal-derived ore fluids 
external to the Pataz Batholith were modified through 
a significant interaction with the latter (Haeberlin et 
al., 2000). As a result, the Pataz Batholith granitoids 
only served as favorable rheological host for vein 
opening and filling. Similar conclusions were drawn 
for several intrusion-hosted orogenic provinces, in par-
ticular in the Yilgarn craton (Cassidy et al., 1998) and 
in the Jiaodong Peninsula, China (Wang et al., 1998). 
Vidal et al. (1995) and Macfarlane et al. (1999), des-
pite their magmatically-derived model, equally point 
out the structural similarities of the southern Parcoy 
district with orogenic gold provinces, such as Mother 
Lode in California and Charters Towers in Eastern 
Australia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 - Temperature-time diagram for mineral ages of the Pataz area, illustrating the time gap between the Pataz Batholith and the 
auriferous lodes. Age sources: Vidal et al. (1995) for the U/Pb age, and the present study for the 40Ar/39Ar determinations. 
62 
 
II.5.3 The Pataz lodes as orogenic gold deposits 
The geochronological results in this paper, with a 
mineralization age comprised between ≥314-312 Ma 
and ≤325-322 Ma, reinforced by the structural obser-
vations and the isotopic data do not support a genetic 
relationship between the gold lodes and the 329 Ma 
Pataz Batholith or the porphyritic monzonite plugs 
crosscutting the batholith. Hence, they question the 
models invoking ore fluids derived from high-level 
felsic intrusions proposed in Vidal et al. (1995), 
Sillitoe and Thompson (1998), and Macfarlane et al. 
(1999). The gold mineralization occurs presumably 
during a period of tectonic uplift within the convergent 
margin, coevally with or after the injection of 
hypabyssal lamprophyre dikes. Field observations sup-
porting the sudden isostatic re-equilibration of the 
margin include the early deposition of eroded granitic 
clasts in the Mississippian pull-apart basins following 
denudation of the intrusion and the near absence of a 
Lower Pennsylvanian sedimentary cover. As inferred 
from the overall homogeneity of the parageneses, 
structural observations and isotopic data over the entire 
Pataz province, the age consistency and the widespread 
distribution of the lodes, the hydrothermal activity was 
a relatively short-lived process involving large-scale 
fluid circulation over several tens of kilometers. 
Consequently and in accord with the lead and stron-
tium isotope results, the origin of the ore-forming 
fluids has to be sought at Pataz in deep-seated proces-
ses (Haeberlin et al., 2000). However, there is no clear 
argument, given the reported fluid chemistry and 
isotope compositions, to favor a deep magmatic, or 
metamorphic model for the deep-sourced fluids 
involved in the generation of these deposits. 
From the research reported here and reference to 
general models (Kerrich and Wyman, 1990; Kerrich 
and Cassidy, 1994; Goldfarb et al., 1998; Groves et al., 
1998, 2000), the Pataz lode-gold deposits are in an 
equivalent situation to other orogenic gold belts. Apart 
from the late timing in the evolution of a convergent 
margin, they share many geological features, such as a 
context of uplift, presence of lamprophyre dikes, 
crustal-scale fluid migration, and strike-slip boundary 
structures inherent in a large number of Phanerozoic 
orogenic gold provinces in the world. This spatial and 
temporal association of gold veining within a late 
accretionary context is commonly interpreted as 
correlating with subduction-related tectono-thermal 
events (reviews in Ramsay et al., 1998). In the Pataz 
area, exhumation of the cordilleran margin consecutive 
to its thickening, coupled to an increased heat flow 
have presumably triggered an onset of processes be-
hind the release of large amounts of fluids from the 
lower crust. The uplift conditions favored the upward 
migration of the released fluids along a lithospheric 
lineament, and their discharge at the brittle-ductile 
transition into second- to third-order structures sited 
along the batholith margins. 
II.6 Conclusions 
Caution should be applied in deducing any genetic 
relationship for gold vein-type deposits associated with 
intrusions. A pertinent example is given by the intru-
sion-hosted Pataz gold lodes in Peru. The close spatial 
association, the intrusion type, the saline charac-
teristics of the fluid inclusions, and the high base metal 
contents may apparently suggest a genetic link 
between the mineralization and the host batholith. 
However, such a relationship becomes questionable 
based on detailed 40Ar/39Ar dating of hydrothermal 
muscovite from alteration zones of the vein and micas 
from an aplite dyke, revealing a mineralization age 
comprised between ≥314-312 Ma and <325-322 Ma, 
slightly younger than the 329 Ma old host batholith. 
The epigenetic mineralization, consistent with struc-
tural and alteration observations, argues for assigning 
the Pataz deposits to the orogenic gold class. This 
highlights that tectonic settings, fluid compositions, 
metal associations and vein/intrusion relationships are 
insufficient and ambiguous arguments for distin-
guishing between orogenic and intrusion-related gold 
deposits. Extensive and unequivocal isotopic dating, 
but only when reinforced by meticulous structural 
observations, appears a way to confidently establish 
the origin of intrusion-hosted vein-type gold deposits. 
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Appendix 2 - Argon release data for plutonic hornblende and mica separates of the Pataz Batholith, for a K-feldspar separate of a 
porphyritic monzonite dike, and for hydrothermal muscovite separates of the Pataz lodes. 
  Temp Ca/K 36Ar/ 39Ar 40*Ar/ 39Ar 40Ar 39Ar %40*Ar Apparent ages 
  (°C) (× 10-14 mole) (× 10-14 mole)          (Ma ± 2σ) 
 YPP 01 Fe-Hornblende 800 0.8675 0.01191 35.591 247.9 6.3 91.1 263.0 ±3.0 
  850 0.2865 0.00812 41.039 53.9 1.2 94.5 300.1 ±3.4 
 Host: granodiorite 875 0.3761 0.00656 41.342 60.9 1.4 95.6 302.1 ±3.3 
 Wt. = 37.0 mg 925 0.9034 0.00889 40.837 94.7 2.2 94.0 298.7 ±3.3 
 J = 0.00441 950 1.5836 0.00634 41.268 86.0 2.0 95.8 301.7 ±3.3 
 Total age = 307.1 Ma 975 2.8646 0.00644 42.717 84.9 1.9 96.0 311.4 ±3.4 
 Plateau age = 321.8±1.2 Ma 985 4.0193 0.00661 43.649 71.4 1.6 96.1 317.6 ±3.5 
  1000 6.8568 0.00619 44.378 110.4 2.4 96.6 322.5 ±3.5 
  1015 9.6412 0.00349 44.265 327.1 7.3 98.6 321.7 ±3.5 
  1025 9.9036 0.00291 44.376 364.8 8.2 99.0 322.4 ±3.5 
  P
LA
TE
A
U
 
1050 9.3562 0.00263 44.091 392.8 8.9 99.1 320.6 ±3.5 
  1075 6.2688 0.00212 43.168 178.3 4.1 99.1 314.4 ±3.4 
  1100 5.0840 0.00210 42.423 136.3 3.2 99.0 309.4 ±3.4 
  1150 8.9258 0.00304 42.670 361.3 8.4 98.7 311.1 ±3.4 
  1200 7.9259 0.00794 38.627 79.7 2.0 95.0 283.8 ±3.2 
  1400 5.1523 0.24452 34.476 162.1 1.5 32.3 255.3 ±9.8 
 YPP 02 Fe-Hornblende 800 0.3173 0.00627 40.082 369.2 8.8 95.6 291.8 ±3.6 
  850 0.2022 0.00433 41.710 148.0 3.4 97.0 302.7 ±3.3 
 Host: granodiorite 875 0.2734 0.00415 42.477 129.7 3.0 97.2 307.8 ±3.4 
 Wt. = 38.0 mg 900 0.4011 0.00366 42.527 127.1 2.9 97.6 308.2 ±3.4 
 J = 0.00438 925 0.9374 0.00606 43.593 169.1 3.7 96.1 315.2 ±3.5 
 Total age = 314.8 Ma 950 1.5085 0.00507 43.301 124.8 2.8 96.8 313.3 ±3.5 
 Plateau age = 323.0±4.0 Ma 975 2.8997 0.00525 44.544 151.3 3.3 96.9 321.5 ±3.5 
  985 4.3682 0.00463 45.480 127.4 2.7 97.4 327.7 ±3.6 
  1000 7.2028 0.00413 45.967 185.4 4.0 98.0 330.9 ±3.6 
  1015 9.3831 0.00325 45.812 361.4 7.8 98.7 329.9 ±3.6 
  1025 9.1960 0.00271 45.451 341.1 7.5 99.0 327.5 ±3.6 
  1050 8.3476 0.00219 44.710 380.0 8.5 99.3 322.6 ±3.5 
  1075 4.5395 0.00153 43.962 265.7 6.0 99.4 317.7 ±3.4 
  1100 3.2296 0.00144 43.843 216.7 4.9 99.3 316.9 ±3.5 
  
PL
A
TE
A
U
 
1150 7.0410 0.00219 43.462 497.2 11.4 99.2 314.4 ±3.4 
  1200 4.3674 0.00390 39.127 89.0 2.2 97.6 285.4 ±3.2 
  1400 7.8835 0.04464 38.648 80.9 1.6 75.0 282.1 ±4.1 
 YPP 03 Mg-Hornblende 800 0.8002 0.02012 35.494 318.7 7.7 85.7 269.0 ±3.1 
  850 0.4242 0.00532 40.235 132.3 3.2 96.3 302.1 ±3.4 
 Host: diorite 875 0.4794 0.00533 41.171 105.9 2.5 96.4 308.5 ±3.4 
 Wt. = 40.9 mg 900 0.6950 0.00492 40.810 108.4 2.6 96.6 306.0 ±3.3 
 J = 0.00453 925 0.9545 0.00496 40.337 115.7 2.8 96.6 302.8 ±3.3 
 Total age = 312.9 Ma 950 1.4202 0.00555 40.106 105.6 2.5 96.2 301.2 ±3.2 
 Plateau age = 321.4±3.8 Ma 975 2.3088 0.00573 41.478 116.4 2.7 96.3 310.6 ±3.4 
  985 2.9059 0.00643 42.680 89.3 2.0 96.0 318.9 ±3.5 
  1000 5.6289 0.00596 43.091 118.8 2.7 96.5 321.7 ±3.5 
  1015 10.5232 0.00366 43.937 368.0 8.3 98.5 327.5 ±3.5 
  1025 10.6224 0.00355 43.551 367.2 8.3 98.6 324.8 ±3.5 
  1050 9.7285 0.00275 43.539 426.0 9.7 99.0 324.8 ±3.4 
  1075 6.0978 0.00228 42.443 243.9 5.7 99.0 317.3 ±3.4 
  1100 4.3234 0.00249 41.973 153.1 3.6 98.7 314.0 ±3.3 
  
PL
A
TE
A
U
 
1150 6.5742 0.00238 43.035 482.5 11.1 99.0 321.3 ±3.4 
  1200 9.0331 0.00810 40.441 118.3 2.8 95.2 303.5 ±3.3 
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Appendix 2 - (cont.) 
  Temp Ca/K 36Ar/ 39Ar 40*Ar/ 39Ar 40Ar 39Ar %40*Ar Apparent ages 
  (°C) (× 10-14 mole) (× 10-14 mole)          (Ma ± 2σ) 
 YPP 08 Mg-Hornblende 850 0.0000 0.01559 37.182 440.4 10.5 89.0 278.0 ±3.2 
  950 1.2285 0.00338 41.408 313.5 7.4 97.8 307.0 ±3.3 
 Host: tonalite 1000 4.2828 0.00471 43.280 302.9 6.8 97.2 319.7 ±3.5 
 Wt. = 36.2 mg 1050 9.7987 0.00319 44.108 1108.9 24.9 98.8 325.3 ±3.5 
 J = 0.00448 1070 3.8813 0.00260 42.613 228.2 5.3 98.6 315.2 ±3.4 
 Total age = 313.2 Ma 1090 5.1037 0.00225 42.465 171.0 4.0 98.9 314.2 ±3.4 
 Plateau age = 319.6±3.2 Ma 1110 7.4902 0.00210 43.464 172.3 3.9 99.3 321.0 ±3.5 
  1120 6.3233 0.00308 43.794 101.7 2.3 98.5 323.2 ±3.6 
  
PL
A
TE
A
U
 
1130 6.4612 0.00336 43.639 40.8 0.9 98.3 322.2 ±3.6 
  1140 5.9115 0.02110 42.562 24.5 0.5 87.6 314.9 ±3.7 
  1175 7.3718 0.00562 42.494 28.6 0.7 96.9 314.4 ±3.9 
  1200 6.4661 0.00205 42.037 27.1 0.6 99.2 311.3 ±3.6 
  1225 6.2635 0.00391 42.287 21.4 0.5 97.9 313.0 ±3.7 
  1250 6.1609 0.01160 42.506 22.0 0.5 93.0 314.5 ±3.6 
  1300 6.7908 0.07883 42.906 51.5 0.8 65.0 317.2 ±4.3 
  1332 6.8308 0.19550 40.783 69.9 0.7 41.4 302.7 ±7.2 
 YPP 02 Biotite 600 1.0998 0.02790 24.971 39.4 1.2 75.3 183.2 ±2.4 
  700 0.3252 0.00831 33.849 218.6 6.0 93.3 244.1 ±2.8 
 Host: granodiorite 800 0.0500 0.00533 45.672 1128.0 23.9 96.7 322.1 ±3.7 
 Wt. = 17.5 mg 850 0.0288 0.00072 46.442 1129.4 24.2 99.5 327.1 ±3.7 
 J = 0.00428 900 0.0338 0.00066 46.541 680.2 14.6 99.6 327.7 ±3.6 
 Total age = 323.3 Ma 925 0.0648 0.00077 47.044 497.0 10.5 99.5 331.0 ±3.8 
 Plateau age = 328.1±1.2 Ma 950 0.0789 0.00061 46.900 429.4 9.1 99.6 330.0 ±3.7 
  975 0.0823 0.00052 46.869 461.3 9.8 99.7 329.8 ±3.6 
  1000 0.0963 0.00039 46.539 540.1 11.6 99.8 327.7 ±3.6 
  1025 0.0858 0.00032 46.411 856.2 18.4 99.8 326.9 ±3.6 
  1050 0.0726 0.00036 46.275 1150.5 24.8 99.8 326.0 ±3.6 
  1100 0.1238 0.00031 46.530 1295.5 27.8 99.8 327.6 ±3.7 
  1150 0.6022 0.00081 46.376 292.1 6.3 99.5 326.7 ±3.7 
  1200 0.5760 0.00443 46.317 50.6 1.1 97.3 326.3 ±4.0 
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1225 0.5227 0.01293 47.589 21.1 0.4 92.6 334.5 ±4.1 
 YSF 22 Biotite 600 0.6368 0.01360 26.533 87.2 2.9 86.9 191.9 ±2.3 
  700 0.1294 0.00662 43.397 157.6 3.5 95.7 304.1 ±3.4 
 Host: monzogranite 800 0.0375 0.00530 46.157 974.5 20.4 96.7 321.8 ±3.7 
 Wt. = 16.7 mg 850 0.0247 0.00071 47.039 980.0 20.7 99.6 327.4 ±3.7 
 J = 0.00423 900 0.0278 0.00098 46.841 655.2 13.9 99.4 326.1 ±3.7 
 Total age = 322.2 Ma 925 0.0399 0.00189 47.100 436.0 9.1 98.8 327.8 ±3.7 
 Plateau age = 329.2±1.4 Ma 950 0.0527 0.00226 47.880 403.3 8.3 98.6 332.7 ±3.7 
  975 0.0458 0.00475 47.732 571.5 11.6 97.1 331.8 ±3.8 
  1000 0.0496 0.00477 47.437 567.8 11.6 97.1 329.9 ±3.7 
  1025 0.0474 0.00175 47.374 831.2 17.4 98.9 329.5 ±3.7 
  1050 0.0488 0.00134 47.374 1069.3 22.4 99.2 329.5 ±3.7 
  1100 0.0981 0.00106 47.496 1311.4 27.4 99.4 330.3 ±3.7 
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1150 0.5005 0.00418 47.179 393.9 8.1 97.5 328.3 ±3.7 
  1200 0.5553 0.01508 44.587 92.1 1.9 91.0 311.7 ±3.6 
  1225 0.3466 0.03203 41.411 39.5 0.8 81.4 291.2 ±3.7 
  1250 0.0590 0.05737 40.369 27.0 0.5 70.4 284.4 ±4.8 
  1282 0.3728 0.12280 30.511 20.4 0.3 45.7 219.0 ±7.6 
  1549 0.2553 0.06933 22.239 91.2 2.1 52.1 162.2 ±5.5 
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Appendix 2 - (cont.) 
  Temp Ca/K 36Ar/ 39Ar 40*Ar/ 39Ar 40Ar 39Ar %40*Ar Apparent ages 
  (°C) (× 10-14 mole) (× 10-14 mole)          (Ma ± 2σ) 
 YSF 19 Biotite 600 0.3005 0.00518 36.451 176.2 4.6 96.0 257.0 ±3.0 
  700 0.0536 0.00525 46.346 377.1 7.9 96.8 320.9 ±3.6 
 Host: aplite dike 800 0.0202 0.00262 47.194 1674.9 34.9 98.4 326.2 ±3.7 
 Wt. = 13.5 mg 850 0.0259 0.00085 46.854 798.0 16.9 99.5 324.1 ±3.6 
 J = 0.00420 900 0.0565 0.00120 46.316 388.2 8.3 99.2 320.7 ±3.6 
 Total age = 322.9 Ma 925 0.1398 0.00120 46.745 261.3 5.5 99.3 323.4 ±3.6 
 Plateau age = 325.4±1.4 Ma 950 0.1484 0.00079 47.234 296.2 6.2 99.5 326.5 ±3.7 
  975 0.0610 0.00043 47.118 481.5 10.2 99.7 325.8 ±3.7 
  1000 0.0417 0.00033 47.367 619.3 13.0 99.8 327.3 ±3.7 
  1025 0.0443 0.00035 47.337 609.0 12.8 99.8 327.1 ±3.7 
  1050 0.0608 0.00060 47.407 471.8 9.9 99.6 327.6 ±3.7 
   
PL
A
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1100 0.1535 0.00043 47.196 316.7 6.7 99.7 326.3 ±3.7 
  1150 0.2883 0.00089 45.693 98.9 2.2 99.4 316.7 ±3.6 
  1200 0.1818 0.00065 45.355 54.6 1.2 99.6 314.6 ±3.6 
  1225 0.2139 0.00033 44.039 22.3 0.5 99.8 306.2 ±3.6 
  1250 0.2602 0.00127 43.376 14.1 0.3 99.2 301.9 ±3.9 
 YSF 19 Muscovite 700 0.5522 0.01314 33.429 112.7 3.0 89.6 238.6 ±2.9 
  800 0.1415 0.03416 41.584 276.1 5.3 80.5 292.3 ±3.5 
 Host: aplite dike 850 0.0572 0.00378 45.174 709.8 15.3 97.6 315.5 ±3.6 
 Wt. = 17.3 mg 900 0.0185 0.00099 46.712 2430.0 51.7 99.4 325.3 ±3.7 
 J = 0.00423 950 0.0231 0.00102 46.427 1102.2 23.6 99.4 323.5 ±3.7 
 Total age = 320.6 Ma 1000 0.0309 0.00174 45.561 864.4 18.8 98.9 318.0 ±3.6 
 Plateau age = 322.1±2.8 Ma 1025 0.0382 0.00228 45.617 395.1 8.5 98.5 318.3 ±3.6 
  1050 0.0377 0.00179 45.804 363.6 7.8 98.9 319.5 ±3.6 
  1100 0.0343 0.00107 46.791 693.9 14.7 99.3 325.8 ±3.7 
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1200 0.0298 0.00059 46.795 2145.9 45.7 99.6 325.8 ±3.7 
  1400 0.2455 0.02242 43.328 191.4 3.8 86.8 303.6 ±3.5 
 YSF 45 K-feldspar  600 0.0764 0.11592 63.459 723.2 7.4 64.9 429.9 ±5.7 
   700 0.0827 0.02404 26.056 597.8 18.0 78.6 189.1 ±2.4 
 Host: dacite stock  750 0.0833 0.02636 23.291 302.9 9.7 74.9 169.9 ±2.2 
 Wt. = 19.5 mg  850 0.0457 0.00620 20.569 329.2 14.7 91.8 150.9 ±1.8 
 J = 0.00424  950 0.0288 0.00432 19.448 278.8 13.5 93.8 143.0 ±1.7 
 Total age = 151.8 Ma 1000 0.0201 0.00379 18.197 231.0 12.0 94.2 134.1 ±1.6 
 Plateau age = 137.4±3.4 Ma 1050 0.0166 0.00453 17.897 509.2 26.5 93.0 132.0 ±1.6 
  1100 0.0118 0.00495 18.452 752.4 37.8 92.7 135.9 ±1.6 
  1150 0.0114 0.00442 18.882 1049.8 52.0 93.5 138.9 ±1.7 
  1175 0.0101 0.00415 19.230 764.4 37.4 94.0 141.4 ±1.7 
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1200 0.0081 0.00387 19.271 642.9 31.5 94.4 141.7 ±1.7 
  1225 0.0072 0.00394 19.730 597.5 28.6 94.4 144.9 ±1.8 
  1250 0.0067 0.00433 20.595 500.8 22.9 94.2 151.0 ±1.8 
  1275 0.0096 0.00623 22.403 187.9 7.8 92.4 163.7 ±1.9 
  1300 0.0773 0.04364 23.138 57.1 1.6 64.2 168.8 ±2.5 
  1325 0.1578 0.05887 22.844 23.8 0.6 56.8 166.8 ±3.3 
YLL 13 Muscovite 700 2.0803 0.00737 20.654 148.2 6.5 90.8 150.4 ±1.8 
 800 8.1056 0.01050 33.792 496.0 13.6 92.4 240.0 ±2.8 
 Vein: La Lima 2 850 2.2797 0.00149 39.524 596.0 15.0 99.1 277.7 ±3.2 
 Wt. = 17.4 mg 900 0.1909 0.00057 41.186 768.5 18.6 99.6 288.5 ±3.3 
 J = 0.00421 950 0.0515 0.00041 43.199 1966.3 45.4 99.7 301.5 ±3.5 
 Total age = 294.3 Ma 1000 0.0187 0.00033 44.723 2240.8 50.0 99.8 311.2 ±3.6 
 Plateau age = 312.1±0.8 Ma 1025 0.0151 0.00016 44.900 625.5 13.9 99.9 312.4 ±3.5 
 1050 0.0188 0.00038 44.899 794.4 17.6 99.8 312.4 ±3.5 
 P
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1100 0.0418 0.00026 44.895 418.7 9.3 99.8 312.3 ±3.5 
 1200 0.2809 0.00087 43.890 164.7 3.7 99.4 305.9 ±3.5 
 1400 0.2706 0.00557 44.507 281.6 6.1 96.5 309.8 ±3.5 
 1649 0.1641 0.14243 42.697 92.3 1.1 50.4 298.2 ±8.8 
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Appendix 2 - (cont.) 
  Temp Ca/K 36Ar/ 39Ar 40*Ar/ 39Ar 40Ar 39Ar %40*Ar Apparent ages 
  (°C) (× 10-14 mole) (× 10-14 mole)          (Ma ± 2σ) 
YTN 20 Fuchsite 700 0.6593 0.00871 22.517 248.6 9.9 89.8 163.0 ±1.9 
 800 5.0054 0.01094 38.305 496.8 12.0 92.7 269.1 ±3.1 
 Vein: Consuelo 850 0.3674 0.00204 39.737 560.8 13.9 98.5 278.5 ±3.2 
 Wt. = 16.9 mg 900 0.0403 0.00119 41.817 707.5 16.8 99.2 291.9 ±3.3 
 J = 0.00420 950 0.0251 0.00085 43.959 1301.1 29.4 99.4 305.7 ±3.5 
 Total age = 294.9 Ma 1000 0.0134 0.00067 44.994 1762.7 39.0 99.6 312.3 ±3.5 
 Plateau age = 313.5±1.4 Ma 1025 0.0147 0.00090 44.954 1000.1 22.1 99.4 312.0 ±3.5 
 1050 0.0174 0.00104 45.282 609.3 13.4 99.3 314.1 ±3.6 
 1100 0.0394 0.00139 45.420 296.9 6.5 99.1 315.0 ±3.6 
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1200 0.1936 0.00492 45.301 111.7 2.4 96.9 314.2 ±3.6 
 1400 1.7582 0.04135 48.225 175.2 2.9 79.9 332.7 ±4.0 
YTN 16 Muscovite 700 1.2284 0.00452 24.854 321.8 12.3 95.1 179.9 ±2.1 
 800 2.4426 0.00680 36.693 821.2 21.3 95.0 259.7 ±3.0 
 Vein: Pencas piso 850 0.4595 0.00121 41.311 977.6 23.5 99.2 289.9 ±3.3 
 Wt. = 16.2 mg  900 0.0770 0.00110 42.815 860.4 19.9 99.3 299.6 ±3.4 
 J = 0.00422  950 0.0403 0.00085 43.885 1171.7 26.5 99.4 306.5 ±3.4 
 Total age = 289.8 Ma 1000 0.0195 0.00096 44.832 1215.6 26.9 99.4 312.6 ±3.5 
 Plateau age = 314.1±1.2 Ma 1025 0.0178 0.00154 45.192 632.5 13.9 99.0 314.9 ±3.5 
 1050 0.0245 0.00210 45.174 400.5 8.7 98.6 314.8 ±3.5 
 P
LA
TE
A
U
 
1100 0.0534 0.00309 45.075 277.8 6.0 98.0 314.2 ±3.5 
  1200 0.3016 0.01396 42.391 117.5 2.5 91.2 296.9 ±3.4 
  1400 0.4315 0.06491 42.500 182.7 3.0 68.9 297.6 ±4.6 
YPP 13 Muscovite  700 0.2775 0.01354 18.497 144.9 6.4 82.3 135.9 ±1.7 
  800 0.0657 0.01106 28.248 365.6 11.6 89.6 203.6 ±2.4 
 Vein: Mercedes  850 0.0324 0.00268 35.059 403.2 11.2 97.8 249.5 ±2.8 
 Wt. = 15.2 mg  900 0.0263 0.00199 37.589 572.9 15.0 98.5 266.2 ±3.0 
 J = 0.00423  950 0.0113 0.00100 40.511 1312.7 32.2 99.3 285.4 ±3.2 
 Total age = 279.6 Ma 1000 0.0091 0.00083 42.961 1843.0 42.7 99.4 301.2 ±3.4 
 Plateau age = 304.9±3.0 Ma 1025 0.0104 0.00173 43.444 906.4 20.6 98.8 304.4 ±3.4 
 1050 0.0127 0.00180 43.697 588.9 13.3 98.8 306.0 ±3.4 
 P
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1100 0.0201 0.00274 44.033 433.8 9.7 98.2 308.2 ±3.4 
  1200 0.2037 0.01438 40.045 132.8 3.0 90.4 282.3 ±3.6 
  1400 0.4760 0.07061 47.264 181.6 2.7 69.4 328.8 ±5.5 
YEX 21B Muscovite  700 0.1267 0.01007 23.137 288.0 11.0 88.6 167.3 ±2.0 
  800 0.0308 0.00283 32.243 486.8 14.7 97.5 229.1 ±2.7 
 Vein: Picaflor  850 0.0217 0.00198 36.435 506.7 13.7 98.4 256.9 ±3.0 
 Wt. = 14.8 mg  900 0.0135 0.00154 39.031 694.1 17.6 98.8 273.9 ±3.2 
 J = 0.00420  950 0.0106 0.00085 41.946 1364.9 32.3 99.4 292.7 ±3.4 
 Total age = 280.5 Ma 1000 0.0070 0.00073 43.689 1727.9 39.4 99.5 303.9 ±3.5 
 Plateau age = 304.8±1.4 Ma 1025 0.0106 0.00125 43.635 985.8 22.4 99.2 303.6 ±3.5 
 1050 0.0193 0.00201 43.691 627.5 14.2 98.7 304.0 ±3.5 
 1100 0.0109 0.00235 44.157 402.1 9.0 98.4 306.9 ±3.5 
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1200 0.0640 0.01659 43.985 79.6 1.6 90.0 305.8 ±3.8 
  1400 0.1796 0.15919 45.211 64.0 0.7 49.0 313.7 ±7.0 
YLL 10 Muscovite  700 0.5088 0.00577 14.631 185.6 11.4 89.7 108.1 ±1.3 
  800 1.6069 0.01273 25.995 335.9 11.3 87.5 187.8 ±2.3 
 Vein: La Lima 2  850 0.6892 0.00209 31.263 417.9 13.1 98.1 223.6 ±2.6 
 Wt. = 16.5 mg  900 0.0786 0.00108 34.657 946.8 27.1 99.1 246.3 ±2.9 
 J = 0.00422  950 0.0348 0.00092 38.390 1531.3 39.6 99.3 270.9 ±3.1 
 Total age = 255.6 Ma 1000 0.0187 0.00088 40.467 1605.3 39.4 99.4 284.4 ±3.3 
 Plateau age = 287.5±2.8 Ma 1025 0.0213 0.00127 40.892 846.6 20.5 99.1 287.2 ±3.3 
 1050 0.0252 0.00150 41.420 507.2 12.1 98.9 290.6 ±3.3 
 P
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1100 0.0668 0.00252 40.808 222.8 5.4 98.2 286.6 ±3.4 
  1200 0.3592 0.00996 39.009 93.7 2.2 93.0 274.9 ±3.3 
  1400 1.0084 0.06320 40.924 211.6 3.6 68.7 287.4 ±3.9 
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ABSTRACT: The Pataz province, a 160-km-long orogenic gold belt situated in the Eastern Cordillera of the northern Peruvian 
Andes, includes numerous structurally-controlled quartz-sulfide veins, located within the margins of the 329 Ma calk-alkaline Pataz 
Batholith and within adjacent Upper Proterozoic to lower Paleozoic volcano-sedimentary sequences. Over the past 100 years, more 
than 16 underground deposits spread over the entire province (Pataz, Parcoy and Buldibuyo districts) produced a total of 6 Moz gold. 
These gold-bearing deposits, dated by 40Ar/39Ar at ≥314-312 Ma on hydrothermal muscovite, present several recurrent and typical 
field characteristics, including (1) at a regional scale, location of the mineralization in low-order structures west of a major NNW-
striking lineament, and its spatial association with the NNW-striking margins of the batholith, resulting in the concentration of the 
lodes in a 1- to 3-km-wide structural corridor; (2) at the mine scale, strong rheological and lithological controls on the vein 
geometries and styles, the lodes occurring as continuous up to 5-km-long quartz veins, often along dikes, within or along the margin 
of the batholith, or as branching and bedding-concordant narrow ore shoots within folded Ordovician slates/hornfels; (3) constant 
vein strikes, in particular within the batholith, where more than 80 percent of the quartz veins are emplaced in N- to NW-striking, 
east-dipping, brittle-ductile deformation zones; (4) a consistent Au, Ag, As, Fe, Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W) metal association, and 
a two-stage sulfide-rich paragenetic sequence, with a first stage composed of milky quartz, pyrite, arsenopyrite and ankerite, and a 
second one with blue-grey microgranular quartz, galena, sphalerite, chalcopyrite, Sb-sulfosalts, electrum, and native gold, followed 
by barren calcite-dolomite-quartz veinlets; and, (5) a hydrothermal alteration of the vein wallrocks, consisting of pervasive 
sericitization with minor chloritization, carbonitization, and pyritization coupled to strong bleaching in plutonic rocks, and of weak 
almost invisible sericitization and chloritization in sedimentary rocks. There is no strong correlation between any metal and gold (r = 
0.2 to 0.5 for Au with Ag, Pb, Sb, and Zn) in the Pataz ores. By contrast, quartz textures are a powerful guide for evaluating the 
volume of later fillings, and for a rough estimation of gold grades: the most high-grade sites are sulfide-impregnated microgranular 
blue-grey quartz fillings cutting brecciated or slightly sheared milky quartz grains. 
Structural analysis of the deposits outlines four synchronous sets of mineralized fractures in the Pataz district. The predominant 
N- to NW-striking, E- to NE-dipping system, which is often located in reactivated existing reverse faults, accounts for more than 80 
percent of the gold resources of the district. Three subordinate systems include, in decreasing order of economic importance, (1) E-
W-striking flat extensional veins, (2) bedding-concordant veinlets in E-W-striking and north-dipping to N-S-striking and east-dipping 
limbs of fold hinges in rocks of the Contaya Formation, and (3) weakly mineralized roughly E-W-striking, sinistrally slipped vertical 
faults. The vein orientations of the four structural sets are compatible with a triaxial strain model, with a main shortening axis P (=Z) 
oriented at 080°/15°, an intermediate Y axis oriented at 165°/00°, and a subvertical extensional T (=X) axis oriented at 255°/80°, 
respectively. Under these conditions, the richest ore shoots are preferentially sited in sinistrally opened pull-aparts, which occur at the 
intersection of either the N-S-striking lodes or the extensional lodes with the roughly E-W-striking vertical faults. The present-day 
geometry of the deposits is strongly overprinted by late brittle deformational events, with one Permian phase that segmented the N-S 
mineralized structures orthogonal to their strike, and three post-Paleozoic phases that caused small-scale discontinuities, offsets and 
duplications of the mineralized structures. 
In view of their late-kinematic timing and the convergent plate setting, the Pataz lode-gold deposits are similar to other orogenic 
gold deposits. Their vein styles, mineralogy and metal associations are, for example, identical to those from middle to late Paleozoic 
orogenic gold belts hosted by intrusions, in the St-Yrieix district in France and the Charters Towers orefield in Australia. In the Pataz 
province, the intrusion event prepared a suitable structural trap, with adequate mechanical inhomogeneities and regional low-mean 
stress corridors, factors that together, are pivotal for the formation of epigenetic lodes. Gold mineralization occurred 4 to 17 m.y. after 
the emplacement of the host pluton, late in the tectonic history of an evolving and exhuming cordilleran-type continental margin. 
According to a preliminary scenario, an increase of heat flow in the crust has triggered the release of large amounts of fluids. The 
uplift conditions favored their upward migration along a major lithospheric lineament, and their discharge at the brittle-ductile 
transition into second- to third-order fractures sited along the batholith margins. 
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III.1 Introduction 
Orogenic gold deposits, also referred to as mesother-
mal deposits (Groves et al., 1998), are widely 
distributed in accreted terranes that were deformed 
along the circum-Pacific margin (Goldfarb et al., 1998; 
Bierlein and Crowe, 2000), but remain relatively 
unrecognized on the western margin of South 
America. The re-evaluation of several historical 
Peruvian, Bolivian and Argentinean gold deposits 
(Zappettini and Segal, 1998; Haeberlin et al., 1999, 
2002; Skirrow et al., 2000) has revealed that this class 
of deposits is, on the contrary, widely distributed in the 
Central Andes, and almost exclusively along the 
Paleozoic Eastern Cordillera and its southern 
prolongation, the Sierras Pampeanas. This paucity of 
knowledge results from the inaccessibility of this 
cordillera, partly because of the jungle cover, the 
topographic relief and the poor road infrastructures, 
and from the few gold deposits presently mined, 
providing only a very limited number of combined 
metallogenic and regional studies. An exception is the 
Pataz gold province, situated on the east side of the 
Marañón Valley in the northern Peruvian highlands, 
where three medium-sized mining corporations are 
active. This province encompasses from north to south 
the Bolívar, Pataz, Parcoy and Buldibuyo districts and 
is notable for its sulfide-rich quartz lodes hosted in and 
adjacent to the margins of the giant calc-alkaline Pataz 
Batholith (Schreiber, 1989; Schreiber et al., 1990; 
Vidal et al., 1995; Macfarlane et al., 1999). 
The first written record of auriferous veins in the 
Pataz area dates back to the second part of 18th 
century, but historical studies place their discovery to 
the Inca time (15-16th centuries) or even earlier. De 
Lucio (1905), in a descriptive work, first pointed out 
the economic potential of the region. Tarnawiecki 
(1929) described the mining feasibility with an 
inventory of the gold occurrences, and proposed a 
preliminary genetic model, relating the formation of 
the lode-gold mineralization to the emplacement of 
presumably Tertiary porphyries that cut the Pataz 
Batholith. In the 1960s, Wilson and Reyes (1964) and 
Wilson et al. (1967) published geological maps of the 
Pataz and Tayabamba regions, but presented only 
succinct metallogenic information, including the 
comment that the gold veins occur only in pre-
Mississippian rocks. 
Two decades later, subsequent to the renewal of 
mining activities in the province, Lochmann (1985), 
Schreiber (1989) and Schreiber et al. (1990) conducted 
extensive investigations of the lodes of the Pataz and 
Parcoy districts, characterizing their structural 
framework, the ore and alteration paragenesis, and the 
petrography and geochemistry of their main host, the 
Pataz Batholith. Based upon fluid inclusion data, 
Schreiber et al. (1990) argued that the auriferous veins 
are temporally and genetically related to the cooling 
stage of the Pataz Batholith, and proposed that gold 
was leached from the Precambrian and Paleozoic 
country rocks by a convecting hydrothermal system. 
Vidal et al. (1995) and Macfarlane et al. (1999) 
presented new radiometric ages for rocks in the Parcoy 
district, and examined the source(s) of the metals in 
the veins by comparing the lead and neodymium 
isotope geochemistry of the lodes and their country 
rocks. They drew attention to the 287 Ma K/Ar 
muscovite age of the mineralization that greatly post-
dated the 329 Ma emplacement of the Pataz Batholith. 
However, they do not exclude that the formation of the 
veins could have been driven by the emplacement of a 
later, yet undated, magmatic event responsible for the 
felsic dikes or porphyritic monzonites that cut the 
Pataz Batholith. Owing to the age ambiguity and metal 
associations, Sillitoe and Thompson (1998) also 
suggested that the gold deposits were coeval with a 
late pulse of the composite batholith, and tentatively 
classified the Pataz-Parcoy gold deposits as intrusion-
related. However, Haeberlin et al. (2002), based on 
field relationships and 40Ar/39Ar ages of 314-312 Ma 
on the Pataz lodes, revealed that mineralization is 
clearly younger than all pulses of upper Paleozoic 
plutons and by far older than the porphyritic 
magmatism inferred as Cretaceous. Because of the 
late-kinematic timing, they assigned the Pataz deposits 
to the orogenic (mesothermal) gold class as defined by 
Bohlke (1982) and Groves et al. (1998). 
This contribution is the first, descriptive part of two 
related papers addressing the deposits of the Pataz 
district and the Culebrillas mine in the southern Parcoy 
district (Fig. 1), whose final scope is the establishment 
of a unifying genetic model for the Pataz gold prov-
ince. After an introduction to the regional geology and 
the gold metallogeny of the area, we present the 
structural and geometric framework of the aforemen-
tioned deposits, and detailed descriptions of the ore 
 
 
Fig. 1 - Geological map of the Pataz province with the location of the main gold deposits (modified after Schreiber, 1989). 
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and gangue mineralogy, quartz textures and the 
alteration styles. These studies also include 40Ar/39Ar 
dating of the alteration, and geochemical analyses of 
the ores. With the new data, we examine the regional, 
rheological and structural features that controlled the 
distribution of gold veining, and present reconstruc-
tions of the syn- and post-mineralization strain 
orientations that are responsible for the present-day 
deposit geometry. We also reconsider the role of the 
batholith on the geometry of the lode-gold 
mineralization. This broad description is then used to 
compare the Pataz deposits with other late Paleozoic 
intrusion-hosted deposits. Fluid inclusion microther-
mometry and isotopic investigations of the Pataz gold 
lodes are discussed separately in chapter IV. 
III.2 Geological setting 
The gold mining province of Pataz is situated 470 km 
north of Lima in the Eastern Andean Cordillera on the 
east side of the Marañón Valley. In northern Peru, the 
geology of this cordillera (Fig. 1) is characterized by a 
pre-Silurian metamorphic basement and Mississippian 
calc-alkaline plutons, overlaid in the uppermost part of 
the mountain belt by Miocene to Pliocene volcanic 
rocks. This pre-Silurian strata encompass from bottom 
to top the three following units: (1) a tightly deformed 
metapelite member, the Marañón complex sensu 
stricto, (2) a volcanoclastic unit, locally named the 
Vijus Formation, and (3) a turbiditic sequence, strati-
graphically equivalent to the Contaya Formation. The 
Marañón complex appears as the continuation of the 
Upper Proterozoic to Lower Cambrian polydeformed 
paraschists and paragneisses outcropping between 
9°45’ and 13°S in central Peru (Dalmayrac et al., 
1980). Its roughly 1-km-thick column of grey phyllites 
with minor intercalations of mica and graphitic schists 
is characterized by a regional greenschist to lower 
amphibolite metamorphism with four superimposed 
stages of deformation (Schreiber, 1989), which 
probably occurred during the Early to Middle Cam-
brian. This metamorphic basement is unconformably 
overlain by the Vijus Formation, composed of 
purplish-grey sandstones at the base, followed by 
ignimbrites of rhyolitic to dacitic composition 
interfingered with thin layers of black shale, and 
andesitic to basaltic lavas at the top. In the absence of 
fossils, only an imprecise age of Middle Cambrian to 
Early Ordovician can be suggested for the Vijus 
Formation. The volcanoclastic rocks are in turn 
covered by alternating massive quartzites, dark 
sandstones and grey slates, attributed by facies analogy 
to the Arenigian part of the Contaya Formation. 
Upwards, outcrops of the Contaya Formation display 
the traditional Llandvirnian facies described in Peru, 
and consist of turbiditic cycles with graptolite-rich 
black slates, sandstones and rare quartzites. There is a 
stratigraphic lull between Late Ordovician and Late 
Devonian. During this gap, the lower Paleozoic units, 
in particular the slates underwent moderate regional 
folding and lower greenschist metamorphism during 
the Ordovician-Silurian transition and again during the 
Late Devonian. 
The Pataz Batholith, the main host rock of the gold 
lodes, is part of a giant calk-alkaline intrusion belt, 
which extends from 6° to 11°30’S along the Eastern 
Cordillera. It intrudes the pre-Silurian metamorphic 
basement along a NNW-striking fracture system. The 
small dioritic to tonalitic apophyses at the margins of 
the pluton represent the earliest magmas. The major 
component of the batholith is a medium-grained 
granodiorite, which towards the batholith core, grades 
into or is in sharp contact with a coarse-grained mon-
zogranite. Both the granodiorite and the monzogranite 
contain numerous enclaves of microdiorite, and 
metamorphosed basement xenoliths. Felsic and lam-
prophyre dikes, representing respectively late 
peraluminous and hypabyssal melts of the system cut 
these granitoids. The felsic dikes occur in the apical 
part of the batholith either as abundant tilted thin 
aplites or as small pink granite stocks commonly with 
pegmatite cores. The rare lamprophyres were injected 
subsequent to the aplites and granite stocks as N-S-
striking, east-dipping dikes, and outcrop in close 
spatial relationship with some of the gold lodes. Vidal 
et al. (1995) have obtained a U/Pb zircon age of 329 
±1 Ma for a granodiorite near Parcoy. In the Pataz 
area, Haeberlin et al. (2002) report two consistent 
40Ar/39Ar biotite ages with the said U/Pb age at 329.2 
±1.4 and 328.1 ±1.2 Ma for a monzogranite and a 
granodiorite, respectively. The aplite represents a 
slightly younger magmatic pulse of the Pataz 
Batholith, which was dated at 322.1 ±2.8 Ma on a 
muscovite sample and at 325.4 ±1.4 Ma on a biotite 
sample (Haeberlin et al., 2002). The porphyritic 
monzonite plugs, which cut the Pataz Batholith and 
some of the Mesozoic rocks, are products of a separate 
Cretaceous event. 
To the west, the Eastern Cordillera is bordered by 
the NNW-striking Marañón tectonic trough, a succes-
sion of semi-grabens filled with Permo-Carboniferous 
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molasses and an incomplete Mesozoic section (Fig. 1; 
Wilson and Reyes, 1964). During the Mississippian, 
following the intrusion of the calc-alkaline plutons, 
thick molasses (Ambo Group) were deposited in pull-
apart basins with concurrent episodes of basaltic 
magmatism and gabbroic plutonism, and intense 
tectonic movements that led to the exhumation of the 
margin at the Mississippian-Pennsylvanian boundary. 
In the geological record, these isostatic changes are 
expressed through the presence of granite clasts in the 
Mississippian sequences, the absence of a Lower 
Pennsylvanian cover, and the Upper Pennsylvanian-
Lower Permian carbonate shelf rocks of the 
Copacabana Group. 
In the Middle Permian, the Eastern Cordillera was 
subjected to the opening of intracontinental rifts in a 
back-arc position. The resulting horst and graben 
topography led to deposition of Upper Permian-Lower 
Triassic conglomerate facies (Mitu Group, Kontak et 
al., 1985; Carlotto, 1998) and other Mesozoic clastic 
and carbonaceous rock sequences, which were largely 
controlled by a structural high formed by the Marañón 
geanticline (Mégard, 1978; Dalmayrac et al., 1980; 
Benavides, 1999; Jaillard et al., 2000). The Mesozoic-
Cenozoic lithostratigraphic column (Wilson and 
Reyes, 1964) holds major erosion gaps, and consists of 
Upper Triassic-Lower Jurassic limestones and 
dolomites of the Pucará Group, Neocomian greyish 
sandstones of the Goyllarisquizga Group, and Middle 
Albian marls and limestones of the Crisnejas 
Formation. The upper Paleozoic and Mesozoic units 
were thrusted and folded during the Late Cretaceous 
Peruvian phase of the Andean orogen (Mégard, 1978, 
1984), and were unconformably covered by the Upper 
Cretaceous-Eocene continental clastic red beds of the 
Chota Formation. The entire Andean cover, including 
the rocks of the Chota Formation, underwent at least 
two additional Cenozoic deformation phases: a 
collisional event with long-waved folds and strong 
thrusting, responsible for the fan imbrication of the 
Marañón thrust sheets during the Late Eocene-
Oligocene Incaic phase of the Andean orogen 
(Dalmayrac et al., 1980; Janjou et al., 1981; Mégard, 
1984), and widespread extension tectonics forming 
half graben structures during the Late Miocene 
(Schreiber, 1989). Lastly, two latest Miocene-Pliocene 
magmatic events include the injection of small 
hypabyssal diorite and monzodiorite bodies, and the 
emplacement of a thick volcanic cover (Lavasén 
Formation) on the uppermost part of the cordillera. 
III.3 Gold metallogeny in the Pataz-Parcoy 
region 
The auriferous lodes of the Pataz province are known 
at least since the Inca (15-16th centuries) and Colonial 
(16-19th centuries) periods, during which gold has been 
mainly exploited from oxidized zones. The 
mineralized gold belt (7°20’-8°10’S, 77°20’-77°50’W) 
covers a 160-km-long and 1- to 3-km-wide area, 
extending along the Marañón Valley from the Bolívar 
to Pataz district (Schreiber, 1989; Schreiber et al., 
1990; Haeberlin et al., 1999, 2000a,b, 2002), and then 
striking to the southeast to the Parcoy (Vidal et al., 
1995; Macfarlane et al., 1999) and Buldibuyo districts
Table 1 - Gold production in the Pataz province during the 20th century. 
 Company District Period Metric tonnage Grade  Gold production 
   t g/t Au  kg oz 
 Cia. Minera Poderosa Pataz 1982-2000 2 127 361 13.66  29 060 934 307 
 Consorcio Minero Horizonte a Parcoy 1990-2000   20 101 646 270 
 Cia. Minera Aurífera Retamas a Parcoy 1990-2000   36 712 1 180 350 
 Cia. Aurífera Real Aventura a Parcoy 1995-2000   519 16 701 
 Northern Peru Mining Smelting Co. b Pataz 1929-1947 910 800 30.00  22 572 725 718 
 Cia. Aurífera Buldibuyo b Buldibuyo 1936-1960 1 435 500 11.00  13 613 437 658 
 Sindicato Minero Parcoy b Parcoy 1938-1960 2 227 500 12.00  23 760 763 913 
 Small-scale mining c Pataz & Parcoy 1901-2000   39 116 1 257 620 
   Cummulated Production  185 453 5 962 537 
a Source: Ministerio de Energía y Minas, Lima, Peru. 
b Tonnages were calculated for 330 days per year upon a daily production of 120, 150, and 250 t for Northern Peru Mining Smelting Co., Cía. Aurifera 
Buldibuyo and Sindicato Minero Parcoy, respectively. 
c Gold production from small-scale mining (vein deposits) is estimated at 6172 kg for the period 1991-2000, and at 360 kg/year before 1991. 
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(Fig. 1). A northern extension of this belt is likely into 
the Balsas district (6°50’S, 78°W), where similar gold 
deposit occurrences are documented (Sánchez, 1995). 
The Pataz lodes, hosted by second- and third-order 
structures on the eastern side of a major NNW-striking 
lineament, appear predominantly as arrays of 1- to 5-
km-long parallel quartz veins located within the 
margins of the Pataz Batholith, and less commonly as 
branching and bedding-concordant ore shoots in the 
adjacent Upper Proterozoic phyllites and Ordovician 
turbidites. 
Over the past 100 years, more than 16 underground 
mines, distributed over the entire Pataz province (Fig. 
1) produced a total of 6 Moz gold, mainly from 1925 
to 1960 and from 1980 onward (Table 1). Of that 
amount, 38 percent comes from the Pataz, 55 from the 
Parcoy, and 7 from the Buldibuyo district, 
respectively. In 2000, the annual production of the 
Pataz province, including small-scale mining, 
amounted to 380’000 ounces, and represents ~9 
percent of the gold produced in Peru. Grades in the 
mined ore shoots vary between 7 to 15 g/t Au, and 
locally reach about 120 g/t Au. Further gold resources 
are estimated at 40 Moz at least for the >160-km long 
auriferous belt. 
In addition to gold recovery from quartz veins, 
secondary gold is washed at a very small scale by local 
people from alluvial deposits along the Marañón River 
and its tributaries (estimated production: 60 oz/y Au). 
The alluvial gold particles are derived from the erosion 
of the aforementioned lodes as they have the same 
bimodal gold and electrum composition as the primary 
ores (Schreiber, 1989). 
A number of other, less significant gold deposit 
types occur near the Pataz-Parcoy region. Uneconomic 
gold skarn and epithermal vein occurrences are 
documented in spatial association with Cenozoic mafic 
plutonic rocks and volcanic rocks. The main example, 
in the southern part of the province above Huaylillas 
(Fig. 1), is the “La Estrella” Fe ±Au skarn, with gold 
grades of as much as 10 g/t. This skarn was emplaced 
close to a pyroxene diorite body in the adjacent Pucará 
limestone. Miscroscopic gold occurs as tiny grains 
within massive magnetite or pyrrhotite, and may be 
coeval with retrograde chalcopyrite and hematite 
(Schreiber, 1989). In the Lavasén Formation, some 
quartz veinlets containing Fe-Mn oxides, carbonates 
and barite also show weak gold anomalies (Schreiber, 
1989). These veinlets, coupled with argillitization, 
sericitization and silicification of the volcanic rocks, 
are regarded as part of a low-sulfidation epithermal 
system related to the Miocene-Pliocene volcanic 
activity (Angeles, 1994). Finally, gold was also 
recently discovered in stockwork veinlets hosted by 
Cretaceous porphyritic monzonite plugs, the adjacent 
Pataz Batholith, and conglomerates of the Mitu Group 
in the Parcoy district. This mineralization is probably 
related to the Cretaceous magmatism, and consists of 
quartz-chlorite veinlets with magnetite, pyrrhotite, and 
chalcopyrite and an intense hydrothermal brecciation 
and potassium-rich alteration (A. Miranda V., oral 
comm., 2000). 
III.4 Structural framework of the orogenic 
gold deposits 
III.4.1 Regional controls 
Structural control of the Pataz orogenic gold deposits 
is observed from the province scale down to the mine 
scale. Regionally, the lodes occupy second- and third-
order structures in the hanging walls of a major NNW-
trending lineament, particularly along the western 
margin but also along the eastern margin, in the 
southern part of the belt, of the Pataz Batholith (Figs 1, 
2 and 3). The complex set of NNW-striking faults 
outcropping at least from Llaupuy to Huaylillas within 
a ~6-km-wide corridor a few kilometers west of the 
deposits and locally bordering the eastern margin of 
the batholith are the surface expression of this 
lineament (Fig. 1). This lineament is believed to be an 
ancient, possibly Proterozoic, suture, which was 
periodically reactivated during subsequent tectonic 
events. During Carboniferous times, it first offered a 
passive control on the orientation of the batholith, it 
presumably operated as a transform fault during the 
opening of pull-apart basins, and it acted as a major 
channelway for the gold-bearing hydrothermal fluids. 
III.4.2 Deposit orientations and styles 
The locations and styles of gold mineralization in the 
Pataz metallogenic province are intimately linked to
 
 
Fig. 2 - Simplified local geological maps of studied deposits in the Pataz province. (a) Poderosa sector with La Lima, Papagayo, El 
Tingo and Consuelo deposits, northern part of the Pataz district, (b) Culebrillas mine, northern part of the Parcoy district (frame). 
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Fig. 3 - Longitudinal representative sections in the Poderosa sector. Their locations are reported on Figure 2. AA’ section through the 
Papagayo deposit, BB’ section through the Consuelo deposit. 
the regional stress field and to both the rheology of the 
host rock and the presence of discontinuities, such as 
fractures, lithological contacts, dikes and bedding. As 
a result, the mineralized sites display very different 
geometries, from regular patterns and orientations in a 
homogeneous and competent rock such as diorite, to 
very erratic and branching behavior in a metasedi-
mentary rock sequence. These features are illustrated 
by underground mine photographs (Fig. 4) and maps 
(Fig. 5), which show syn- and post-mineralization 
features. The potential mineralized areas are encoun-
tered in the following structural settings, in decreasing 
order of economic importance: (1) in N- to NW-
striking shear-zones, (2) in flat extension fractures, (3) 
concordantly to the north- to east-dipping bedding of 
the Ordovician slates/hornfels, and (4) in regional 
roughly E-W-striking vertical faults (Figs 3 and 6, 
Appendix 1). 
Lodes in shear-zones 
In the Pataz district, mineralization is most commonly 
present as one or more brittle-ductile quartz veins 
within N- to NW-trending faults, dipping 30 to 60° to 
the east to northeast (Figs 2, 3 and 6a). The vein dips
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Fig. 4 - Mine photographs illustrating the typical brittle-ductile characteristics of the Pataz lodes. All views are taken towards the 
gallery roof. (a) Hydraulic breccias and strong sericitization at the footwall of a N-S-striking, east-dipping lode inserted along a 
lamprophyre (Consuelo vein). (b) Low-angle Riedel structures (R1) at the footwall of a laminated quartz vein, indicating a sinistral 
shear (Maria Rosa vein). (c) Low-mineralized 40-cm-thick dextral shear-zone with S and C fabrics crosscutting a hornfels xenolith 
(La Lima 2 vein). (d) Sigmoidal tension gash opened under a dextral shear (Maria Rosa vein). (e) Sigmoidal closing of a 45° east-
dipping vein along a vertical aplite dike (Mercedes vein). (f) Multiple open-space filling textures with milky quartz and pyrite ribbons 
enclosing elongated wallrock slivers (Mercedes vein). (g) Superposition of two post-mineralization reverse displacements (Mercedes 
vein). 
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Fig. 5 - Geological maps and section from underground deposits showing the syn-mineralization brittle-ductile features and the post-
mineralization faulting. (a, b) Typical N-S-striking, east-dipping veins hosted in reverse-dextral fractures. (c) S-shaped dilatational 
zone along an extensional vein coinciding with the intersection of syn-mineralization ~E-W-striking faults. 
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decrease towards the center of the batholith, creating a 
fan-like pattern of the lodes. Macfarlane et al. (1999) 
report similar orientations in the deposits of the Parcoy 
district, however with NW-SE strikes and lower dips 
for the main lode system, and the presence of some 
conjugate veins dipping to the west (Fig. 6b). These 
shear-zone hosted veins (La Lima 1 and 2 at La Lima 
deposit, Karola at Papagayo deposit, Choloque, Luz 
and Pencas piso at El Tingo deposit, Consuelo at 
Consuelo deposit, Appendix 1) account for more than 
50 percent of the gold produced in the Pataz district, 
and close to 90 percent in the Parcoy district. 
Most of the shear zone-hosted gold veins are hosted 
by granitoids of the Pataz Batholith; some are in the 
nearby hornfels. A few of the veins occur along 
favorably oriented lithological contacts, in particular 
those separating granitoids and hornfels or black 
phyllites, and those along aplite or lamprophyre dikes; 
such locations are potentially important for hosting 
high-grade ore shoots. The mineralized shear-zones 
range in thickness from a few centimeters to more than 
8 m, and contain rich ore shoots, in particular when 
they go to intersection with the roughly E-W-striking 
vertical faults. Their strike lengths may reach 5 km, by 
combining individual fault-displaced segments, their 
down-plunge continuity is as much as 1.5 km, and the 
lodes are open at depth. 
There is no unique style of brittle-ductile vein in the 
granitoids. The small differences in mineralogical 
composition and grain size among the various plutonic 
facies have a critical influence on the mechanical 
behavior of the host rocks, and thus on the geometry of 
the lodes (Fig. 7). During shearing, a regular fracture 
tends to develop in an isotropic and competent rock 
such as a granodiorite or a diorite. If mineralized, such 
a fracture is mainly filled by banded to massive, partly 
brecciated quartz in sharp contact with an almost 
undeformed wallrock (Fig. 7a,b). These mineralized 
veins generally present an asymmetric geometry, with 
a 10- to 40-cm-wide shear-zone along the hangingwall, 
and abundant hydraulic breccias and Riedel veinlets in 
the footwall (Fig. 5b). In contrast, fracturing in mon-
zogranite is achieved along cohesionless faults due to 
the pre-existing weakening by the coarse grain size and 
the widespread sericitization. As a result, the mon-
zogranite-hosted structures consist generally of low-
grade quartz veining (3-10 g/t Au) within an up to 8-
m-wide shear-zone containing muscovite material, 
crushed and altered wallrock slivers, hydrothermal 
quartz fragments and minor sulfide mineral lenses (Fig 
7c, Picaflor vein at the Culebrillas deposit). Typically 
in the monzogranite, the second-order Riedel and 
extensional veinlets at the footwall of the main 
structure contain the high-grade ore shoots. Lodes 
emplaced along boudined aplite dikes (e.g. La Lima 2 
vein at the La Lima deposit), behave similarly to those 
hosted by fine-grained plutonic rocks. They consist of 
massive, ribbon and brecciated quartz, and display 
sharp wallrock contacts, thin shear-zones, and locally 
subvertical Riedel structures in the hangingwall. In the 
lamprophyres, the orebodies show evidence of both 
strong ductile and brittle behavior. A section across the 
main vein at the Consuelo deposit shows that minerali-
zation consists of a chlorite-rich shear-zone, a central 
massive quartz-sulfide vein, and a basal 2-m-wide 
hydraulic breccia (Figs 4a and 5c). 
Lodes in extension fractures 
Extensional veins occur as flat to weakly north- or 
south-dipping relay structures between lodes in the 
shear systems (e.g. Inca vein at the Culebrillas deposit) 
or the ~E-W-striking vertical faults (e.g. Mercedes 
vein at the Papagayo deposit, Fig. 6a). In the Pataz 
district, the sole Mercedes vein accounts for more than 
40 percent of the modern gold production (Appendix 
1), and, together with the other extensional veins, it 
provides about 15 percent of the gold resources. These 
extensional veins often occur along lithological con-
tacts, beddings, and other zones of weakness features, 
such as enclave-rich areas, between the more major 
structures. They typically contain wallrock slivers and 
show sulfide-laminated textures, indicating several 
increments of vein opening and filling (Fig. 4f). A 
more detailed examination of the main lode at the 
Papagayo deposit suggests that its internal structure is 
by far more complex, apparently evolving as a func-
tion of the dip angle (Fig. 5c). In the upper part of the 
deposit, where dips are moderate (φ =20-40°), brittle-
ductile features are commonly mapped, contrasting 
with the almost purely brittle features observed in the 
lower part of the mine, where the vein becomes flatter 
(φ <20°). These observations highlight that, in addition 
to an extensional, a shear component is also present in 
the fractures. 
Lodes concordant to bedding (Sp) 
In the metasedimentary rocks of the pre-Silurian 
basement, vein distribution is dominantly controlled by 
layer anisotropies, and only to a minor extent by the 
regional compressive stress field. In the Ordovician 
slates, most of the veins and veinlets are emplaced 
concordant to the bedding in the north- to east-dipping
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Fig. 6 - Equal area projection of the mineralized quartz veins and related structural elements in the Pataz province. (a) Mineralized 
veins in the Pataz district, (b) mineralized veins in the Parcoy district, (c) comparison of the orientations of the mineralized veins with 
the schistosities and fold axes of their host Contaya formation (Santa Maria deposits, Pataz district), (d) distribution of the second-
order quartz veinlets according to the structural set (Pataz district). 
limbs and in the hinges of folds. The superposition of 
the vein strikes and dips over the orientations of the 
bedding-subparallel schistosity planes (Sp) and the 
related regional fold axes (Fp) is outlined on Figure 6c. 
Compared to the batholith-hosted shear-zones, these 
mineralized structures have commonly an anastomos-
ing morphology and a ductile fabric (Fig. 4c). They are 
less than 1-m-thick, and have a-100-m-long strike, 
making them presently subeconomic. The only 
presently mined deposit (Santa Maria), which account 
for less than 5 percent of the gold produced in the 
Pataz district (Appendix 1), consist of massive to 
highly banded quartz veins. In places where the slates 
are metamorphosed to hornfels, these veins become 
more continuous and thicker because of higher rock 
competency. The Upper Proterozoic-Lower Cambrian 
phyllites are less prospective than the Ordovician 
slates and hornfels, and are almost devoid of gold-
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bearing occurrences. The only mineralized occurrences 
are closely related to black shale layers, similar-
looking to mylonites (e.g. Carhuacoto vein). There, the 
mineralization displays variable geometries, with 
disseminated ores in the sheared wallrock, strongly 
sheared massive sulfide mineral lenses, and stockwork 
systems filled with brecciated quartz and sulfides. 
Ore shoots in vertical faults 
The regional E-W- to ESE-WNW-striking vertical 
faults in the Pataz district are uneconomic strike-slip 
sinistral fractures (Fig. 6a), that are pre- to syn-
mineralization, since they are filled with abundant and 
sheared alteration material composed of muscovite and 
chlorite (1-3 g/t Au). These structures sporadically 
hold small boudined and crushed quartz pods, 
generally less than 20-m-long. Similar discontinuous 
quartz lenses are encountered in the ~E-W-striking 
faults in the Parcoy district (Fig. 6b). During the post-
mineralization history, these faults are reactivated and 
filled with gouge. 
III.4.3 Structural analysis of the deposits 
Albeit the differences in their orientations, all four 
mineralization styles described in the Pataz district are 
considered as synchronous, since they present a 
homogeneity in their mineralogical features, and there 
are no crosscutting relationships among each other. 
Three different approaches were used for unraveling 
the origin of the lodes, and for determining the strain 
orientations that prevailed during their opening. For 
that purpose, we will first examine the orientations of 
the productive lodes with respect to the various 
hydrothermal veins and veinlets, then discuss the 
morphology of the lodes and faults on the mine maps, 
and finally consider the microtectonic data raised on 
six representative veins belonging to three of the four 
mineralization styles. The original slickenlines 
developed along the vein planes at the time of the 
mineralization were difficult to distinguish from the 
overprinting brittle younger Andean striations, and 
thus were not used for the microstructural analysis. In  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 - Vein perfiles illustrating the rheological control of the different plutonic host rocks on the mineralization styles. (a) Mercedes 
vein (level 1735) in a tonalite host, (b) Pencas piso vein (level 1825) in a granodiorite host, (c) Picaflor vein (level 2610) in a 
monzogranite host. 
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Fig. 8 - Structural analysis of the mineralized veins in the Pataz district. (a) Specific distributions of the second-order quartz veinlets 
and of the productive lodes, and their implications on the location of the compressive field (small circle). (b) Conic distribution of the 
mineralized vein planes with the inferred extensional axis (method according to Wallace, 1951 and Dubé et al., 1989). (c) Simplistic 
structural interpretation from the dextral-reverse openings observed along the N-S-striking lodes, and from the sinistral offsets 
observed on the E-W-striking vertical faults with the supposed location of the compressive quadrants. (d) Interpretation of the 
microstructural data measured for the N-S-striking veins (data from La Lima 2, Karola and Consuelo veins). 
view of the limitations of the method and the non-ideal 
data, the obtained strain results should be viewed as 
merely qualitative. The results of the different methods 
are presented in stereographic plots (Fig. 8a-d), and the 
structural interpretation is synthesized in a three-
dimensional block diagram (Fig. 9), defining the 
spatial distribution and crosscutting relationships of 
the lodes and other structural elements in the Pataz 
district, and the inferred shortening and extension 
fields. 
A stereographic plot of all the measured second-
order quartz veinlets in the Pataz district reveals that, 
irrespective of the vein set, no hydrothermal quartz 
structure is dipping to the west in the Pataz district 
(lode-free area in Fig. 8a). Productive lodes plot in an 
inscribed crescent-shape pattern, with a cluster of their 
poles towards 90°/45°; by contrast, closed and weakly 
mineralized structures, such as the roughly E-W-
striking vertical faults, plot at the periphery of the 
distribution. In combination, the fact that the NW- to 
W-trending dips, as delimited by a manually traced 
ellipse on Figure 8a, are very unfavorable orientations 
for vein opening, and, that the opposite E- to SE-
trending dips are the most favorable, are interpreted as 
good indicators for the presence of a compressional 
field oriented to N 78°E ±15°, as suggested by the 
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ellipse. Because the east-dipping lodes in the Pataz 
district acted as reverse faults (see below), the dip of 
the shortening Z axis should be less than 30°; X and Y 
components of the ellipsoid are not clearly 
distinguishable from one another in this reconstruction. 
According to Wallace (1951), a plane of almost any 
orientation may become a fault in non-homogeneous 
rocks, but the overall grouping of orientations will 
follow a cone-like pattern, providing a method to 
decipher possible relations to strain axes. Dubé et al. 
(1989) used successfully this stereographic method for 
evaluating a shortening axis from complex sets of 
shear zones in the Norbeau orogenic deposit, Canada. 
Following the results of Dubé et al. (1989), the 
stereographic plot of all the productive mineralized 
veins in the Pataz district (Fig. 8b) allows one to place 
a cone close to the vertical axis, which is tangent with 
a variable angle (45° to 75°) to all the plotted lodes. 
The axis of this cone was graphically positioned at its 
center (254°/78°), and is considered as an extensional 
axis, since the radius angle of the cone is greater than 
45°. The extensional axis obtained with this method is 
consistent with the first approach. 
Examination of the lode morphologies outlines that 
a large number of veins in the Pataz district presents 
inflexions along their strike, either to the left or to the 
right (Fig. 5). In the N-S-striking vein set, the vein 
inflexions to the northeast or east look like sigmoidal 
relays in the continuity of the main structure, and are 
thus interpreted as indicating dextral and reverse slips 
during lode opening. In the opposite direction, the lode 
curvatures are closely related to the presence of the 
~E-W-striking vertical faults. These dilational areas, 
where the veins present complex segmented and 
twisted patterns, appear like small, sinistrally opened 
pull-aparts, where the richest ore shoots are located. 
Similarly, along the E-W-trending Mercedes vein at 
the Papagayo deposit, the 100-m-wide, NE-striking 
“sigmoidal loop” equally coincides with the intersec-
tion of an array of ~E-W-oriented vertical faults (Fig. 
5c). According to these geometric relationships, these 
small pull-aparts were created during syn-mineraliza-
tion sinistral strike-slip movements along the crosscut-
ting faults. Considering the later sinistral slip on the 
vertical faults and the dextral-reverse movements on 
the lodes, the NE and SW quadrants of the 
stereographic projection (Fig. 8c) are thus interpreted, 
in a simplitistic analysis based on fictive conjugate 
planes, as areas under compression. This simplified 
interpretation is in broad agreement with the strain 
configuration obtained from the previous methods. 
In the underground mines, the orientations of ex-
tensional, Riedel (R and R’), P-type, and hybrid 
second-order quartz veinlets, and S-C fabrics in shear-
zones were measured at the hangingwall or footwall of 
the main veins. The three N-S-oriented veins, La Lima 
2, Karola and Consuelo at, respectively, La Lima, 
Papagayo, and Consuelo deposits, provided overlap-
ping and consistent microstructural data (Fig. 8d). The 
observed ductile S-C fabrics indicate a reverse-dextral 
sense of slip (Fig. 4c), in agreement with the map 
observations; the numerous low-angle second-order 
quartz veinlets are mainly compatible with both P and 
R structures, the subhorizontal ones with extensional 
structures and the high angle ones with antithetic 
Riedel R’ fractures. For the Mercedes lode at the 
Papagayo deposit, the microstructural data are rotated 
clockwise by ~90°, and S-C structures indicate a 
dextral shear. By contrast, the S-C fabrics and Riedel 
orientations measured in the slate/hornfels-hosted 
lodes near Pataz present conflicting sinistral and 
dextral reverse indicators (Fig. 4b-d). This ambiguity 
is possibly due to the slightly different orientations of 
the lodes, with dips ranging from the north to the east. 
Finally, whatever the vein system is, the countless 
second-order quartz veinlets (R, R’, P, T) presents an 
overlap in their pole distribution on a stereographic 
plot (Fig. 6d), with dips in almost any direction except 
to the west, suggesting that the six studied deposits 
formed under a similar strain regime. 
The combination of the different methods yielded 
coherent shortening and extension axes, allowing us to 
deduce a regional strain ellipsoid for the Pataz district, 
irrespective of the structural system and the host rock 
type. This ellipsoid is characterized by a shortening 
subhorizontal axis P (=Z) oriented to 80°/15°, a 
graphically determined intermediate Y axis at 165°/00° 
and a subvertical extensional T (=X) at 255°/80° (Fig. 
9). Such a triaxial strain ellipsoid may explain why 
lodes in the Pataz district were opened preferentially 
along moderately east-dipping planes, and subsidiarily 
along planes with dips to the south and to the north, 
orientations that diverge by as much as ±60° from the 
main case (Fig. 9). In this model, the N-S-striking, 
east-dipping structures that host productive lodes, such 
as the La Lima 2, Karola, and Consuleo veins, acted as 
reverse, slightly dextral fractures with mainly shear 
attitudes. Because of their geometric disposal close to 
a major lineament, part of these east-dipping fractures 
are considered as inherited low-order faults that were 
created prior to mineralization. Under the established 
strain conditions, the Mercedes vein, as a result of its 
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Fig. 9 - Three-dimensional representation of the distribution and crosscutting relationships of the major auriferous veins and faults in 
the northern Poderosa sector. The Mercedes vein appears as an extensional-oblique relay vein between two major N-S-striking vein 
systems hosted by shear-zones. The syn-mineralization faults sinistrally displaced the vein offsets. Drawn using the Gemcom 
software with mine data from Cía Minera Poderosa S.A. 
variable dip ranging from 30° to 10°, behaved as a 
hybrid shear and extension fracture with a small 
dextral component. Owing to its particular location 
and orientation, the Mercedes lode can be interpreted 
as a giant oblique-extensional relay, similar to an en-
echelon tension gash vein, between two main N-S-
trending, east-dipping mineralized structures, one in 
the footwall, the Lima-Choloque system, and the other 
in the hangingwall, the Karola-Luz system (Figs 3 and 
9). Under the inferred strain conditions, the lodes 
hosted by slates or hornfels, opened equally as reverse 
faults with either limited sinistral or dextral slips for N 
to ENE and ENE to E dips, respectively. However, the 
strong focusing of fluid along fold flanks and bedding 
suggest that locally the regional strain orientations and 
eigenvalues could be altered by the layering of the 
Contaya Formation, and that consequently, they were 
partly opened under a deviatoric strain field, charac-
terized by either an inversion between the Y and Z 
axes or by their rotation in a subhorizontal plane. 
Lastly, the fourth mineralization style, i.e. the roughly 
E-W-striking vertical faults, fits also with the regional 
strain ellipsoid; as expected from the model, their 
unfavorable orientation with respect to the extensional 
axis is expressed by the closed nature of the faults, the 
pure strike-slip movements, and the low contents of 
ore fillings. 
The inferred strain orientations prevailing during 
vein emplacement in the Pataz district, with a ~ENE 
shortening axis, are compatible with the structural data 
available for the Parcoy district. In the Parcoy mines, 
Macfarlane et al. (1999) proposed that vein filling 
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occurred along faults of limited sinistral oblique thrust 
slip, apparently under a ~E-W compression. The pre-
dominant reverse-sinistral movements observed in the 
lodes south of Parcoy, contrasting with the reverse-
dextral motion in the N-S-oriented lodes of the 
Poderosa sector of Pataz, could be easily explained by 
the counterclockwise rotation of the mineralized 
structures with mainly NW-SE-striking veins in the 
southern Parcoy district. Comparable strain conditions 
can be deduced from the examination of the 
stereographic distribution of the lodes (Fig. 6b): the 
conjugate system with predominantly east-dipping and 
minor west-dipping, reverse, mineralized fractures is 
indicative of vein opening under an E-W to NE-SW 
subhorizontal shortening axis. The absence of any of 
these west-dipping structures in the Pataz district, 
although they would be consistent with the strain 
conditions, best attributed to the pre-existing 
geological anisotropies, such as the eastward-plunging 
corridor linked to the batholith contact, and the 
moderately east- to north-dipping bedding in rocks of 
the Contaya Formation. 
III.4.4 Post-mineralization events 
In addition to the aforementioned syn-ore lithological 
and structural factors, the final geometry of the 
auriferous lodes is strongly affected by the overprint of 
post-mineralization brittle deformations (Fig. 5). This 
late fracturing, which complicates the mining opera-
tions, includes at least one phase during the Permian, 
and three post-Paleozoic successive brittle phases. The 
block tectonics prevailing during the Permo-Triassic 
reactivated the ~E-W-oriented vertical, syn-minerali-
zation faults and segmented the N-S-striking 
mineralized structures orthogonal to their strike 
continuity. In the northern Pataz district, the blocks 
were pulled down and sinistrally displaced, as shown 
respectively by the Contaya slates outcropping at 
lower altitudes to the north and by the vein segment 
offsets (Fig. 2). The apparent sinistral throws, which 
may reach some tens to hundreds of meters, are the 
result of three or more superimposed strike-slip 
movements subsequent to the sinistral syn-minera-
lization shear. Owing to the multiple overprints, 
slickenline observations on several of these ~E-W-
striking faults have not provided consistent results for 
determining the successive strike-slip components. 
Reconstructions removing the segmentation show 
that differently named veins on either side of these 
major faults belong to the same and unique structures, 
which may extend laterally for as much as 5 km. Thus, 
in the Poderosa sector, the principal mineralized 
structure, sited in the footwall of the system, hosts 
from north to south the La Lima, El Tingo (Choloque 
vein) and Consuelo deposits (Fig. 2). Similarly, 
Macfarlane et al. (1999) described in the southern 
Parcoy district sinistrally displaced vein segments that 
are offset parts of a major N 20°W-striking structure. 
Unlike the regional roughly E-W-striking faults, the 
other fracture systems have few effects on the present-
day vein geometry, and created only small-scale 
discontinuities, displacements and duplications of the 
mineralized structures (Fig. 4g). Three deformation 
stages linked to the Andean cycle were recognized 
with measurements of striations on fault planes (Fig. 
10): a NE-SW and then a NW-SE compressional event 
were followed by an overprinting ENE-WSW exten-
sional event. These strain orientations suggest that at 
the same time the ~E-W-striking faults were presuma-
bly affected first by sinistral, followed by dextral, 
strike-slip and late normal movements (Fig. 10). The 
last faulting coincides with global Late Miocene 
extensional tectonics, that created the Marañón semi-
grabens along a N 30°W strike (Schreiber, 1989). The 
timing of the two reverse movements is uncertain, and 
only a very broad age range from Late Cretaceous to 
Miocene can be proposed. One could tentatively 
correlate the first compressional event with the Late 
Cretaceous thrusting of the Mesozoic units (Peruvian 
phase of the Andean orogen), and the second with the 
Oligocene event that caused the fan imbrication of the 
Marañón thrust sheets (Incaic phase of the Andean 
orogen, Mégard, 1984). Alternatively, these compres-
sional events could correspond to Miocene brittle 
reverse faultings related to the Quechua phases of the 
Andean orogen (Mégard, 1984). 
III.5 Ore and gangue mineralogy 
The Pataz gold lodes are notable for their elevated base 
metal sulfide contents (10 to 50 vol.%), and the 
vertical and lateral homogeneity of their ore para-
genesis over the entire metallogenic belt (Appendix 1, 
Schreiber, 1989; Miranda, 1994; Vidal et al., 1995). 
The veins present a two-stage ore sequence (Fig. 11), 
with first the precipitation of pyrite, arsenopyrite and 
milky quartz, followed by Zn-Pb-Cu±Sb±As-bearing 
sulfide minerals and gold with fine-grained blue-grey 
quartz. A post-ore stage consists of white quartz, 
calcite and dolomite in crosscutting veinlets. 
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Fig. 10 - Stereographic plots illustrating the orientations of the three successive Andean brittle phases. (a, c, e) Equal area projections 
of fault planes and their slip striations. (b, d, f) Strain directions were graphically determined according to the P and T dihedra 
method of Angelier and Goguel (1979), and a paleostress tensor was comparatively calculated using the inversion algorithm 
developped by Etchecopar et al. (1981). 
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Ore mineralogy 
Pyrite is the dominant ore-related mineral, and forms 
ribbons of dodecahedral-shaped, mm-sized crystals 
amongst milky quartz. Arsenopyrite is contemporane-
ous with and slightly postdating pyrite, occurring as 
intergrowths and as coarse grains at its boundaries. 
Both sulfide minerals are highly deformed with 
cracking in the case of brittle deformation to finely 
milled morphologies in the case of intense shearing. 
Trace amounts of wolframite, possibly pre-dating the 
iron-bearing sulfide minerals, are present in some 
lodes (Miranda, 1994; Macfarlane et al., 1999). 
Multiple microfractures cutting the brittly deformed 
milky quartz and the iron-bearing sulfide minerals are 
filled with a second-stage of minerals. The filling con-
sists, in decreasing order of abundance, of blue-grey 
microgranular quartz, iron-poor sphalerite containing 
chalcopyrite exsolutions and some pyrrhotite, de-
formed galena containing tiny freibergite and jame-
sonite inclusions, and a second and late generation of 
small cubic pyrite and scalenoedric arsenopyrite. 
 
 
  Paragenesis Early Stage I Stage II Late Super.  
    Fe-As stage Pb-Zn-Au stage      
I II Pyrite 
I IIArsenopyrite 
Wolframitea 
Sphalerite 
Galena 
Chalcopyrite 
Pyrrhotite 
Freibergite 
Electrum 
Gold 
Jamesonite 
Fe-hydroxides 
I Milky quartz 
II Blue-grey quartz 
III
White quartz 
Muscovite 
Chlorite 
Ankerite 
I II
Dolomite 
Calcite 
Sphene 
a Only recognized in the pyrite ores sampled at La Lima deposit 
(Miranda, 1994) and in the Parcoy district (Macfarlane et al., 1999). 
Fig. 11 - Paragenetic sequence of ore, gangue and alteration 
minerals in the Pataz gold deposits. Modified after Schreiber et 
al. (1990). 
Electrum, with silver contents from 24 to 40 wt.% 
(Schreiber, 1989), is mainly hosted as inclusions in 
poecillitic sphalerite (Fig. 12a) or as wires in fractured 
pyrite and arsenopyrite; native gold precipitates later, 
generally within galena or along fractures within 
arsenopyrite or attached to its surface (Fig. 12b-d). The 
size of the gold and electrum particles varies typically 
between 1 and 300 µ, but large visible grains are quite 
abundant in "bonanza" sulfide-poor ore shoots (e.g. 
Pencas piso vein). Free gold preferentially grows at the 
interface between the quartz lodes and the wallrock or 
attached to wallrock slivers. 
In the oxidation zone of the lodes, there is a 
supergene enrichment of free gold (20-30 g/t Au), 
often macroscopic, in hollow quartz with iron oxides 
and hydroxides (Schreiber, 1989). Arsenopyrite and to 
a lesser extent, pyrite and sphalerite are weathered to 
goethite, lepidocrocite and jarosite. 
Gangue mineralogy 
The most common gangue mineral is quartz with 
multiple generations that account for more than 80 
vol.% of the vein fillings. Subordinate are carbonate 
minerals, including ankerite, dolomite and calcite and 
representing as much as 10 vol.% of the lode. Other 
constituents include muscovite, chlorite, and minor 
sphene (Fig. 11). Minerals such as scheelite and 
tourmaline, often described in many orogenic gold 
deposits (McCuaig and Kerrich, 1998; Hagemann and 
Cassidy, 2000), were not identified in the deposits of 
the Pataz province. 
Quartz textures are excellent indicators of the 
nature and intensity of deformation prevailing during 
vein formation (Jébrak, 1992; Vearncombe, 1993; 
Bouchot et al., 1994). Their analysis is a powerful 
guide for evaluating the volume of later fillings, and 
for a rough estimation of gold grades. The following 
varieties of quartz, in order of appearance, have been 
observed in thin section (Figs 11 and 13): 
(1) abundant euhedral milky quartz (qz 1a), showing, 
similar to the pyrite grains, little deformation to 
intense fracturing or shearing. 
(2) comb quartz (qz 1b), in crack-and-seal textures in 
extensional veins, and also early in the paragenetic 
sequence. 
(3) microgranular blue-grey quartz (qz 2), in cracks 
with Pb-Zn-Cu±Ag±Sb±As-bearing sulfide mine-
rals, gold and fine-grained muscovite. 
(4) late, white, coarse quartz (qz 3), accompanying 
calcite and dolomite in crosscutting barren 
veinlets. 
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Fig. 12 - Photomicrographs of gold and base metal sulfide mineral textural relationships in the Pataz ores. Abbreviations: as = 
arsenopyrite, Au = native gold, el = electrum, gn = galena, py = pyrite, qz = quartz, sl = sphalerite. (a) Sphalerite veinlet with 
chalcopyrite exolutions, galena, and electrum crosscutting arsenopyrite and pyrite of stage I (Mercedes vein). (b) Galena and gold 
filling cracks in strongly fractured pyrite I (La Lima 2 vein). (c) Galena crystal with coeval inclusions of gold grains and small 
second-stage arsenopyrites (Mercedes vein). (d) Gold wires in the cracks of an isolated idiomorphic arsenopyrite I in a sulfide-poor 
lode (Pencas piso vein). 
For the Pataz lodes, assemblages composed of 
sulfide-impregnated blue-grey quartz (qz 2) that form 
textures similar-looking to “spiderwebs” in brecciated 
or sheared milky quartz grains (qz 1a) are the most 
high-grade material (30-120 g/t Au, Fig. 13c,d,g,h). 
Similarly, comb quartz (qz 1b) and euhedral milky 
quartz (qz 1a) with crack-and-seal textures may carry 
ore, but only parts of the layered openings are filled 
with auriferous ores (Fig. 13b,e-f). Massive milky 
quartz (qz 1a), either in unfractured or strongly sheared 
habits, typically lacks gold (Fig. 13a). The late gene-
ration of quartz-carbonate minerals is always barren. 
The presence of carbonate minerals (Fig. 11) and 
their compositions are host rock dependent. Thus, 
 
Fig. 13 - Vein sample photographs and their corresponding photomicrographs in crossed nicols of quartz, muscovite, and sulfide and 
carbonate mineral textural relationships in the Pataz lodes. Abbreviations: ank = ankerite, Au = free gold, ca = calcite, def qz = 
deformed quartz, dol = dolomite, fuch = fuchsite, gn = galena, py = pyrite, qz = quartz, ser = sericite (hydrothermal muscovite), sl = 
sphalerite. (a) Weakly deformed euhedral milky quartz (qz 1a) assemblage, crosscut by fuchsite flakes, and low amounts of fine-
grained quartz (qz 2) and late calcite (Consuelo vein). (b) Highly mineralized laminated vein, composed of ribbons of polygonal 
milky quartz (qz 1a) and pyrite, fractured and infilled by fine-grained quartz (qz 2) and Pb-Zn-bearing sulfide minerals, and late 
calcite veinlets (Maria Rosa vein) (c, d) Ductily-deformed quartz vein with sheared milky quartz (qz 1a) and pyrite grains, later 
surrounded and infilled by microgranular quartz (qz 2), muscovite, galena and free gold (La Lima 2 vein). (e, f) Crack-and-seal 
texture with coarse ankerite crystals growing on comb quartz (qz 1b), itself having grown on thin sericitized wallrock slivers 
(Mercedes vein). (g, h) Gold-rich brecciated vein with sericitized wallrock slivers among a polygonal quartz assemblage (qz 1a), and 
fine-grained quartz (qz 2), sphalerite and galena developing at the interfaces (Inca vein). 
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whereas calcite is ubiquitous, ankerite and dolomite 
are preferentially sited in the most mafic host rocks, 
such as diorites and lamprophyres. Ankerite is an early 
carbonate in the ore sequence and grows towards the 
end of the first stage as euhedral mm-sized light 
colored crystals in open-space filling texture on the 
comb quartz (Fig. 13e-f). Dolomite has two different 
habits; it infills as a minor phase, like cement, cracks 
between iron sulfide mineral boundaries coevally with 
the second-stage microgranular quartz; or more 
commonly it grows with barren quartz as mm-sized 
crystals in crosscutting veinlets belonging to the post-
sulfide stage. Calcite has a similar and coeval occur-
rence as the second generation of dolomite, and either 
accompanies the later and white quartz in veinlets or 
forms monomineral veinlets. 
III.6 Metal geochemistry 
A geochemical analysis of base and precious metals 
was carried out on 40 ore samples from Pataz pro-
vince, including those hosted in the batholith, hornfels 
and phyllite (Appendix 2). Analyses by neutron 
activation analysis (Au, As, Sb, W, Zn), by inductively 
coupled plasma emission spectrometry (Bi, Cd, Cu, Fe, 
Mo, Pb, Sn), by atomic absorption spectrophotometry 
(Ag) and by graphite furnace atomic absorption (Te) 
were done at the XRAL Laboratories, Toronto, 
Canada. Results are presented in form of four 
logarithmic scatterplots that illustrate the possible 
relations between base and precious metals (Fig. 14). 
The ores from the Pataz veins present similar 
element associations as the Parcoy ores in Vidal et al. 
(1995). They are characterized by elevated Fe-As-Pb-
Zn±Cu grades in wt.% and by Cd-Sb±Bi±Te±W in 
ppm concentrations in addition to gold and silver. The 
highly variable iron and arsenic contents, respectively 
comprised between 0.7 and 33 wt.% (median: 14 
wt.%), and between 0.02 and 5.6 wt.% (median: 0.6 
wt.%), were introduced during the first sulfide mineral 
stage and reflect the amount of pyrite and arsenopyrite 
in the ores. The other base metals are linked to the 
second-stage paragenesis. Lead and zinc grades, which 
are slightly depleted in the Parcoy district, are spread 
over several orders of magnitude from some ppm up to 
as much as 10 wt.%. Copper remains at very low con-
centrations (<0.2 wt.%), except in the Parcoy mines 
(2.1 wt.% in Vidal et al., 1995), where chalcopyrite 
grows not only as exsolutions in sphalerite but also as 
individual crystals. Antimony, relatively poor in the 
analyzed ores (<1500 ppm) occurs lately in the galena-
hosted sulfosalts, such as freibergite and jamesonite, 
and thus is strongly correlated to lead (r=0.75). 
Cadmium, as traces up to 1600 ppm, is bound exclusi-
vely to sphalerite, as indicated by the very high Cd-Zn 
correlation coefficient (r=0.95). The source of the low 
Bi concentrations (<70 ppm) in the analyzed ores is 
likely the tiny inclusions of sulfosalts in galena and 
sphalerite. Tellurium, which occurs in ppm amounts 
(five analyses with values from 0.1 to 3.2 ppm), may 
be present in galena or/and in an Au-bearing telluride 
mineral. Tungsten contents were under the detection 
limit of 4 ppm, except six values between 5 and 20 
ppm and one at 270 ppm. Traces amounts of early-
stage wolframite are the source of this tungsten ano-
maly. Molybdenum and tin have not been reported as 
present in the analyzed ores. 
The analyzed ores contain a few to several 
hundreds ppm of gold and silver, with an Au/Ag ratio 
close or inferior to 1. Within and among lodes, varia-
tions of the Au/Ag ratios are wide and generally over 
several magnitude orders: the ratios calculated for the 
~5000 chip samples of the Consuelo vein range 
between 0.01 and 12 with a median at 0.4. Of special 
interest is the logarithmic scatterplot between both 
precious metals for the 40 selected samples (Fig. 14a). 
Gold presents a perfect linear correlation with silver up 
to 20 ppm, but over this level the Au-Ag pairs are 
scattered amidst two diverging trends: one major in the 
continuation of the previous line, and a second minor 
orthogonal, forming a negatively-correlated array. This 
complex pattern ensues from occurrence of gold and 
silver in three different host-minerals that are native 
gold, electrum and freibergite. The iron and arsenic 
contents, in accordance with the paragenetic sequence, 
are not linearly correlated with the gold concentrations 
(Fig. 15a), but a broad tendency of parallel increase is 
nonetheless sketched, presumably thanks to the chemi-
cal and surface properties of pyrite and arsenopyrite 
that will favor the later Au precipitation. Cu, Pb, Sb 
and Zn display in relation to gold almost the same 
intricate crescent-shape pattern as silver (Fig. 14b), 
showing that no element, even of the second-stage, is a 
good tracer for quantifying the gold grades in the 
lodes. Unlike gold, silver presents high correlation 
coefficients with the second-stage metals, such as, in 
decreasing order of affinity, Sb, Pb, Zn and Cu (Fig. 
14d). The similar behavior of Ag, Pb and Sb is simply 
the result of the tiny inclusions of argentiferous Sb-
sulfosalts in the galena. By contrast, silver grades 
show no correlation with the iron or arsenic contents
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Fig. 14 - Bivariate logarithmic plots of the base metals vs. gold and silver. Correlation coefficients were calculated with the log 
values of the metal concentrations. (a) Ag, As, Fe vs. Au, (b) Cu, Pb, Sb, Zn vs. Au, (c) Au, As, Fe vs. Ag, (d) Cu, Pb, Sb, Zn vs. Ag. 
Values are listed in Appendix 2. 
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(Fig. 14c), confirming that the latter elements are 
inherent part of a separate and earlier stage. 
III.7 Hydrothermal alteration 
At Pataz, the alteration patterns are quite uniform not 
only at the lode scale but also over the entire province 
and present only slight variation with different host 
rocks. Where the lodes cut plutonic rocks, such as 
those of the Pataz Batholith, a 10-cm- to 10-m-wide 
alteration halo is marked by a pervasive bleaching of 
the wallrock. The proximal alteration zone is 
characterized by an intense muscovite-rich halo, with 
some chlorite, carbonate or pyrite (Appendix 1). With 
a decreasing fluid/rock ratio and farther from the outer 
margin of the vein, the muscovite alteration sharply 
changes over a few centimeters to minor chloritization 
before grading into fresh rock. The plutonic textures of 
the bleached granitoids are still preserved, but the 
primary mineralogy is replaced by recrystallized quartz 
and fine-grained white mica, and then later cut by 
carbonate veinlets. The muscovite grow as mingled 
flakes (<0.2 mm) at the expense of feldspars and as 
idiomorphic crystals (<2 mm) pseudomorphosing relic 
biotites. Chemically, the pale green species has an 
almost pure muscovite composition, and the emerald 
one, typical of lodes hosted by lamprophyre dikes (e.g. 
Consuelo vein), is a Cr-rich muscovite (up to 1.0 wt.% 
of Cr2O3), most commonly named fuchsite. Within the 
lode, the spatial coexistence of muscovite and chlorite 
with blue-grey quartz in microfractures indicates that 
their precipitation occurred mostly during the second 
paragenetic stage (Figs 11 and 13). 
The alteration is less well developed in metasedi-
mentary host rocks (Appendix 1). In the slates, almost 
 
Table 2 - Summary results of the 40Ar/39Ar incremental heating 
analyses of six hydrothermal muscovite separates. 
Sample # Veins Steps % 39Ar Plateau ages Total gas  
 T (ºC) released (Ma ± 2σ) ages (Ma)  
 YLL 13 La Lima 2 1000-1100 45.2 312.1 ±0.8 a 294.3  
 YTN 20 Consuelo 1000-1200 49.6 313.5 ±1.4 294.9  
 YTN 16 Pencas p. 1000-1100 33.7 314.1 ±1.2 289.8  
 YPP 13 Mercedes 1000-1100 51.2 304.9 ±3.0 279.6  
 YEX 21B Picaflor 1000-1200 49.0 304.8 ±1.4 280.5  
 YLL 10 La Lima 2 1000-1100 42.9 287.5 ±2.8 255.6  
a The ages considered as the closest estimates of the mineralization age 
are underlined. 
 
no alteration is visible, except for a slight bleaching. In 
the phyllites, an up to 50-cm-wide alteration rim is 
characterized by a high degree of deformation, and 
abundant chloritization and some pyritization. Lastly, 
in the hornfels, the primary contact metamorphic 
assemblages, consisting of biotite, garnet, epidote and 
minor pyrrhotite, are overprinted by a pervasive 
sericitization and weak carbonitization. 
III.8 Age of the mineralization 
Indirect dating of the gold mineralization in the 
Poderosa sector and at the Culebrillas mine was 
carried out using the 40Ar/39Ar technique on the 
muscovite alteration (Haeberlin et al., 2002). The 
radiometric data of six analyses are summarized in 
Table 2, and one representative incremental-heating 
spectrum of La Lima 2 vein is shown in Figure 15. The 
six muscovite separates yielded uniformly intricate 
40Ar/39Ar spectra, with initial staircase-shaped patterns 
followed over 1000°C by almost flat steps (Fig. 15), 
reflecting two separate events. As a consequence, the 
total fusion ages, which include all the steps, and the 
conventional K/Ar age of 286±6 Ma obtained near 
Parcoy by Vidal et al. (1995) are geologically 
meaningless. For the analyzed samples, the weighted 
mean average of the plateau-like steps, which represent 
34 to 52 percent of the total 39Ar released gas, are 
widely scattered between 314 and 288 Ma (Table 2). 
The three lower plateau ages (twice 305 Ma and 288 
Ma) and all the initial disturbed steps are interpreted to 
reflect partial argon losses during a late fluid 
circulation event related to the intrusion of Cretaceous 
porphyritic plugs. The three oldest dates at 314-312 
Ma, overlapping at their 2σ errors, may be interpreted 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 - Typical 40Ar/39Ar step-heating spectrum of an hydro-
thermal muscovite separate from the alteration related to the 
gold lodes of the Pataz province. 
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as the age of the muscovite alteration, and by exten-
sion of the gold veining because: (1) the hydrothermal 
muscovite crystallized with the ore paragenesis below 
or close to the argon retention temperature, (2) the 
40Ar/39Ar spectra are significantly younger than the 
322 Ma cooling age obtained for an aplite muscovite, 
(3) the analyzed micas are not a mixture with relic 
magmatic muscovite, and (4) the 40Ar/39Ar muscovite 
dates are reproducible for three different lodes in the 
Pataz district (Haeberlin et al., 2002). Alternatively, 
these three dates at 314-312 Ma could be also conside-
red as the minimum age of the muscovite alteration, 
because of the continuously rising shape of the age 
spectra (Fig. 15). In this case, the upper age limit of 
the mineralization age is given by the 325-322 Ma 
40Ar/39Ar dates obtained for micas from a late aplite 
dyke. As a result, the 314-312 Ma muscovite age do 
not represent a cooling age of the Pataz Batholith 
micas, but the closest, although lower, approximation 
of the age of the gold veining in the Pataz province. 
III.9 The Pataz gold deposits: a typical 
intrusion-hosted orogenic gold belt 
In recent review articles (Kerrich and Cassidy, 1994; 
McCuaig and Kerrich, 1998; Goldfarb et al., 1998; 
Groves et al., 1998; Bierlein and Crowe, 2000; 
Hagemann and Cassidy, 2000), orogenic gold deposits 
represent, irrespective of the age and host terrane, a co-
herent group of epigenetic deposits that formed during 
transpressional to compressional processes between 2 
and 20 km depth at convergent plate margin in 
accretionary or collisional orogens. Within this class, 
the lodes hosted by plutons are the most contentious 
because of the large overlap of their geological 
features and geotectonic contexts with intrusion-
related gold deposits (Sillitoe, 1991; McCoy et al., 
1997; Sillitoe and Thompson, 1998; Thompson et al., 
1999; Thompson and Newberry, 2000; Lang et al., 
2000). The distinction between orogenic and intrusion-
related deposits is thus difficult, and many criteria, 
such as vein-intrusion relations, metal signatures and 
zonations, poor radiometric ages and fluid compo-
sitions are ambiguous (Sillitoe and Thompson, 1998; 
Groves et al., 1998; Thompson and Newberry, 2000). 
One parameter that, in some cases, differentiates the 
orogenic gold deposits from the intrusion-related depo-
sits is the presence, if any, of an age gap between the 
host plutons and the vein-related alterations. In an 
absolute time sense, this means that veining may 
occur, in orogenic gold deposits, from just a few m.y. 
to many tens of m.y. after the high-level plutonism 
(Groves et al., 2000). 
Using this criterion, Haeberlin et al. (2002) showed 
on the basis of the aforementioned 40Ar/39Ar data a 4 to 
17 m.y. gap between the Pataz gold deposits (muscovi-
te alteration dates @ 312-314 Ma ≤ mineralization age 
< aplite ages @ 322-325 Ma) and their main intrusive 
host (329 Ma), and henceforth, assigned them into the 
orogenic gold class, questioning the previously propo-
sed orthomagmatic models (Schreiber, 1989; Schreiber 
et al., 1990; Vidal et al., 1995; Macfarlane et al., 
1999). In the following discussion, we will thus expose 
the main features of these deposits for comparison 
with other orogenic belts, and outline the discrepancies 
with respect to the general model, as exposed in 
Groves et al. (1998). 
Geotectonic setting and late-kinematic timing 
On the basis of recent advances in unraveling the 
Paleozoic evolution of northern Peru (Fig. 16), the 
≥314-312 Ma old orogenic gold mineralization at 
Pataz appears as a disconnected event from any local 
plutonic, metamorphic or volcanic activities, post-
dating the Pataz Batholith, and the regional “Eoher-
cynian” orogen by 4 to 17 and ~50 m.y., respectively. 
According to that study, the geotectonic setting during 
the Mississippian, i.e. immediately prior to the gold 
mineralization, is characterized by arc-related calc-
alkaline plutonism and molasse-type sedimentation in 
transtensional basins with sporadic basaltic and 
gabbroic magmatic episodes (Fig. 16). The gold event, 
post-dating the injection of lamprophyres, occurred 
late in the history of this evolving margin, presumably 
within its uplifting stage. 
In view of the aforementioned convergent context 
and late-kinematic timing, the Pataz lode-gold deposits 
are in an equivalent situation to other orogenic gold 
belts. Elsewhere, the close association of orogenic gold 
veining in space and time with uplifting terrane host, 
major strike-slip faults and lamprophyres is commonly 
interpreted as correlating to deep-seated processes oc-
curring above a downgoing slab (Kerrich and Wyman, 
1990; Kerrich and Cassidy, 1994; Goldfarb et al., 
1998; Kerrich et al., 2000). From the recent models in 
tectonically well-constrained areas, any large-scale 
mechanism, which increases the thermal gradient in 
the cordilleran margin, and to a certain extent reconfi-
gures the plate subduction patterns, such as partial 
melting of the asthenospheric mantle, (metamorphic) 
devolatilization of upper plate rocks, ridge subduction, 
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Fig. 16 - Schematic representation of the main geological events occurring in the Pataz region before, during and after the gold event. 
deep-seated magmatic sources or extensional period 
during a slab rollback (Hauessler et al., 1995; Goldfarb 
et al., 1997, 1998), can be considered as possible 
trigger scenario for the fluid circulation involved in the 
generation of the Pataz gold lodes. As a preliminary 
scenario, we envisage, on account of the margin exhu-
mation, to link the gold mineralization to the processes 
occurring during its thickening (Fig. 16). The crustal 
mechanisms associated to this thickening supposedly 
produced both a change in the stress conditions that 
allowed to open or re-open channelways, and a thermal 
anomaly susceptible to provoke at once (1) the melting 
of mantellic material, generating the nearby lampro-
phyre dikes, and (2) the onset of successive magmatic 
and metamorphic processes, leading to the release, by 
crustal devolatilization, of large amounts of base 
metal- and gold-bearing fluids. Under the uplift condi-
tions, the released fluids were able to begin their 
upward migration along a major NNW-striking linea-
ment. Then, at the brittle-ductile transition, the fluid 
flow discharged its base metal and gold contents, 
mineralizing second- and third-order shear and 
extension fractures within the margin of the batholith. 
Controls on the mineralization 
Parameters external and intrinsic to the Pataz Batholith 
influenced the distribution of gold deposits in the Pataz 
province. According to the structural analysis, vein 
orientations are regulated at a regional scale by a 
~N80°E shortening axis, competency contrasts 
between unit packages, a major NNW-striking linea-
ment, and the NNW-trending margins of the intrusion, 
and, at a deposit scale by pre-existing anisotropies 
such as lithological contacts, faults, dikes and sedi-
mentary beddings and the mechanical properties of the 
various host rocks. Similarly to observations at Granny 
Smith (Ojala, 1993; Cassidy et al., 1998), the regional 
stress regime is deflected along the border of the rigid 
Pataz Batholith, and allowed fractures to develop or 
reopen quite homogeneously within a 2-km-wide rim 
inside the batholith, at the contacts with the hornfels, 
and heterogeneously in the adjacent slates and 
phyllites. Under the inferred strain orientations, the N-
S-striking, east-dipping contacts, faults and dikes sited 
in this corridor are the most ideally oriented, and thus 
become efficient for channeling fluid flow and 
trapping highly mineralized lodes (e.g., La Lima 2 and 
Consuelo veins). In addition to controlling vein strikes 
and dips, the rheological properties of the different 
facies of the Pataz Batholith and of the metasedimenta-
ry units asserted a critical influence on mineralization 
styles. Styles vary from high-grade quartz-sulfide 
fault-fill or extensional veins in diorite, granodiorite 
and hornfels, to weakly mineralized muscovite shear-
zones in a coarse-grained monzogranite, or to narrow 
and branching veinlets in slate and phyllite sequences, 
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where fluid flow is focused along fold flanks and 
beddings. Similar conclusions demonstrating the 
passive but crucial behavior of a pluton in an orogenic 
gold system were proposed for several intrusion-
hosted deposits, in particular in Alaska (Goldfarb et 
al., 1998), and in the Yilgarn craton (Ojala, 1993; 
Cassidy and Bennett, 1993; Cassidy et al., 1998). 
Paragenesis and metal association 
The Pataz deposits display over the entire province and 
irrespective of the host lithologies a consistent two-
stage sulfide-rich ore sequence with a typical Au, Ag, 
As, Fe, Pb, Zn, ±Cu, ±Sb, ±(Bi-Te-W) metal asso-
ciation. Based on detailed microscopic observations, 
gold and minor electrum fill as wires, inclusions, and 
free particles microfractures crosscutting earlier pyrite, 
arsenopyrite and milky quartz; they grow in intimate 
association with galena, sphalerite, chalcopyrite, frei-
bergite and blue-grey microgranular quartz. Unlike 
what is expected from this ore sequence, there is no 
strong correlation between any metal and gold (r = 0.2 
to 0.5 for Au with Ag, Pb, Sb, and Zn) in the Pataz 
ores. By contrast, quartz textures, as highlighted in 
other orogenic gold deposits (Jébrak, 1992; Bouchot et 
al., 1994), are a powerful guide for evaluating the 
volume of later fillings, and for a rough estimation of 
gold grades: the most high-grade sites are sulfide-
impregnated microgranular blue-grey quartz fillings 
cutting brecciated or slightly sheared milky quartz 
grains. 
The former metal inventory, simple paragenetic se-
quence, and late textural relationship of gold described 
in the Pataz gold deposits are shared by a large number 
of Archean and Phanerozoic orogenic gold deposits 
(Bierlein and Crowe, 2000; Hagemann and Cassidy, 
2000). Nonetheless, the sulfide mineral abundance and 
the coupled base metal richness in the Pataz ores 
diverge from the commonly accepted consensus that 
advocates low contents of these elements in this class 
of deposits (e.g. McCuaig and Kerrich, 1998; Groves 
et al., 1998). Possible origins of these significant Pb-
Zn anomalies should be sought in the saline nature of 
ore-bearing fluids, and to a minor extent, in the make-
up of the underlying basement. Such metal inventory 
and richness were used together with the I-type nature 
of the batholith by Sillitoe and Thompson (1998) for 
interpreting these lodes as intrusion-related deposits. 
Owing to the time gap between the gold deposits and 
the host pluton (Haeberlin et al., 2002), these argu-
ments become misleading. 
Hydrothermal alteration 
Like in other orogenic gold deposits, the host lithology 
together with the temperature of the ore-forming fluid 
are the two critical factors that regulated at Pataz the 
nature, scale and intensity of the wallrock alteration, 
imposing on the immediate plutonic rocks a pervasive 
sericitization, carbonatization and weak chloritization, 
on scales of some centimeters to several meters. These 
muscovite-chlorite-carbonate assemblages are typical 
of the so-called “mid-greenschist” facies, and allow to 
estimate for the Pataz lodes formation temperatures up 
to 400°C and a pressure up to 3 kbar (Eilu and 
Mikucki, 1997; McCuaig and Kerrich, 1998; Cassidy 
et al., 1998). All plutonic rock types but the lampro-
phyres share these alteration patterns over the entire 
province. In those host rocks, the alteration sequence is 
somewhat different, displaying a fuchsite, chlorite and 
dolomite assemblage. In a similar way, lodes hosted by 
metasediments display much weaker alteration and 
almost no visible sericitization, since most of their 
constitutive minerals are stable under the “greenschist” 
alteration conditions (Eilu and Mikucki, 1997). 
III.10 Comparison with other Paleozoic gold 
deposits hosted by granitic plutons 
As shown above, the Pennsylvanian Pataz gold belt 
shares a large number of unifying descriptive 
parameters with the orogenic gold deposit class, with 
closer similarities with the circum-Gondwana and peri-
Thetys Paleozoic deposits (Goldfarb et al., 1998; 
Bierlein and Crowe, 2000) than with the classical 
Archean deposits of the Abitibi and Yilgarn provinces 
(McCuaig and Kerrich, 1998; Hagemann and Cassidy, 
2000). From a literature review, the studied minerali-
zations present an outstanding convergence of vein 
styles, mineralogies and metal associations with the St-
Yrieix district in the French Massif Central (e.g 
Bouchot et al., 1989), and with the Charters Towers 
orefield in the Eastern Australian Thomson fold belt 
(e.g. Peters and Golding, 1989). The main descriptive 
features of these late Paleozoic intrusion-hosted 
orogenic gold deposits are exposed in Table 3 for 
comparison. 
In a similar way to the Pataz case, the extensive 
isotopic dating studies undertaken in the French Massif 
Central allowed to separate both the emplacement of 
the host (leuco)granites in the St-Yrieix district at 342-
332 Ma (U/Pb and 40Ar/39Ar in Alexandrov, 2000) 
from the Au-Sb mineralizing event regionally dated at 
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310-305 Ma (Bouchot et al., 1997, 2000), and thus to 
classify the St-Yrieix deposits in the orogenic class. At 
Charters Towers, the auriferous mineralization, dated 
by 40Ar/39Ar at ~414 Ma, post-dates equally its host, 
the 425 Ma (Rb/Sr) Millchester Creek Tonalite 
(Perkins and Kennedy, 1998), but the exact signifi-
cance of these ages is questionable owing to the non-
ideal analytical data and techniques, and knowing that 
mutually overlapping ages were obtained for under-
lying plutons and vein alterations in the neighboring 
Etheridge province (Bain et al., 1998). These ambi-
guities have lead some authors to classify the Charters 
Towers province as intrusion-related (Sillitoe and 
Thomson, 1998), but others, on the basis of cross-
cutting criteria, prefer the orogenic model with a 
plutonic contribution to the hydrothermal fluid (Peters 
and Golding, 1989; Solomon and Groves, 1994; 
Perkins and Kennedy, 1998). 
Examining Pataz, St-Yrieix and Charters Towers 
orefields from a structural view, it appears that the 
distribution of the gold lodes within these mineralized 
belts answers to similar regional and mine-scale 
controls. In fact, as exposed in the previous section, 
vein locations are regulated by the broad orientations 
of a major lineament and the batholith margins, and 
vein morphologies are host rock dependent, displaying 
variable styles such as brittle-ductile quartz veins, en-
echelon veins, and mylonites (Table 3). These factors 
are recurrent and inherent to granitoid-hosted orogenic 
gold deposits, as mentioned in Cassidy et al. (1998). A 
Table 3 - Compararison of the geological setting, structural characteristics, ore, gangue and alteration parageneses, and quartz 
varieties of the Pataz gold deposits with other middle to late Paleozoic intrusion-hosted gold provinces. 
 Provinces  Pataz Province, Eastern Andean 
Cordillera, northern Peru 
 St-Yrieix-La Perche district, 
Massif Central, France 
 Charters Towers goldfied, Queensland, 
Eastern Australia 
 
 Major deposit(s)  La Lima-Choloque-Consuelo (Pataz), 
Mercedes (Pataz), San Francisco 
(Pataz), Lastenia-Cabana-El Gigante-
Pomachay (Parcoy) 
 Bourneix, Cheni, Lauriéras, 
Les Biards (Sb) 
 Day Dawn, Brilliant,  
Towers Hill, Queen 
 
 Host rock(s)  Carboniferous granitoids, Ordovician 
slates, Upper Proterozoic phyllites 
 Devonian para and orthogneisses, 
Carboniferous granitoids 
 Proterozoic to Devonian granitoids, 
pre-Ordovician metasediments 
 
 Age of veining  ≥314-312 Ma (40Ar/39Ar)  305 ±10 Ma, 294 ±4 Ma, 287 ±9 Ma 
(K/Ar); Au-Sb event: 310-305 Ma 
 ~414 Ma (40Ar/39Ar)  
 Host pluton ages  Pataz Batholith: 
329 ±1 Ma (U/Pb) 
 St-Yrieix leucogranites and granites: 
342-332 Ma (U/Pb and 40Ar/39Ar) 
 Millchester Creek Tonalite: 
425 Ma (Rb/Sr) 
 
 Regional controls  NNW-striking Marañón lineament and 
Pataz batholith border 
 close to the boundary Argentat fault, 
and related to the Meuzac antiform 
(deep-seated dome) 
 N-trending lineaments and batholith 
hinges 
 
 Structural style  brittle-ductile and extensional quartz 
veins, bedding-concordant veins 
 brecciated veins, brittle-ductile veins, 
black mylonites, en-echelon veins 
 brittle-ductile quartz carbonate veins, 
mylonitic zones 
 
 Ore minerals a  I: py-as ± wf  I: po-ber-as-py ± sch  I: py-as?  
   II: gn-sl-py-as-Au ± cp-po-el-fh  II: sl-py-jm-cp-Au-gn  II: sl-gn-cp-Au-fh   
     III: gn-fh-el-sfs-ant    
 Economic metal(s)  Au ± Ag  Au ± Ag ± Sb  Au ± Ag  
 & Au grades  5-30 g/t  5-14 g/t  14-55 g/t  
 Cummulated Au production  ~190 t (1925-2000)  30 t (1913-1997)  > 200 t (1872-1917)  
 Quartz varieties  I: milky and comb qz  I: milky qz  I: buck and comb qz  
   II: microgranular blue-grey qz  II: microsaccharoidal blue-grey qz  II: breccia qz  
     III: hyaline qz    
   III: white qz  IV: white fibrous quartz  III: late qz  
 Gangue b  ser, chl, fuch, ank, dol, ca, sp  ser, chl, dol, ca, rt  ser, ank, chl, ca, hm, rt, ep  
 Wallrock alteration  sericitization, chloritization, 
pyritization, silicification, 
carbonatization 
 sericitization, chloritization, 
silicification, carbonatization, 
organic matter 
 sericitization, propylitization, 
chloritization 
 
 References  Schreiber (1989); 
Schreiber et al. (1990); 
Vidal et al. (1995); 
Macfarlane et al. (1999); 
Haeberlin et al. (2000a,b, 2001); 
 Bouchot et al. (1989, 1997); 
Touray et al. (1989); 
Bitri et al. (1999); 
Alexandrov (2000) 
 Peters and Golding (1989) 
Solomon and Groves (1994); 
Perkins and Kennedy (1998); 
Bain et al. (1998); 
 
a Ore mineral abbreviations: as = arsenopyrite, ant = antimonite, Au = native gold, ber = berthierite; cp = chalcopyrite, el = electrum, fh = fahlore, 
  gn = galena, jm = jamesonite, po = pyrrhotite, py = pyrite, sch = scheelite, sfs = sulfosalts, sl = sphalerite; wf = wolframite. 
b Gangue mineral abbreviations: ank = ankerite, ca = calcite, chl = chlorite, dol = dolomite, ep = epidote; fuch = fuchsite, hm = hematite; rt = rutile; 
  ser = sericite (hydrothermal muscovite), sp = sphene. 
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comparable interpretation can be drawn for the 
alteration patterns, which, for temperature conditions 
up to 400°C involves in felsic rocks an extensively 
developed wallrock muscovite alteration with minor 
chlorite, carbonates and pyrite (Eilu and Mikucki, 
1997; Cassidy et al., 1998). Lastly, the three compared 
belts are characterized by a similar paragenetic 
evolution, with an invariable two stage relatively 
sulfide-rich sequence, consisting of early As-Fe±W-
bearing minerals (arsenopyrite, pyrite, wolframite, 
scheelite) in massive milky quartz, and followed by the 
infill of hyaline quartz with gold, Pb-, Zn-, Ag-, Cu-
bearing sulfide minerals and/or sulfosalts, and locally 
late Sb-bearing minerals (Table 3; Peters and Golding, 
1989; Bouchot et al., 1989, 1997). 
In summary, there is a full overlap of the descripti-
ve and time features between the three documented 
belts, suggesting that the Pataz, St-Yrieix and probably 
also the Charters Towers orefields are part of a 
coherent subset of the orogenic gold deposit class. For 
these deposits, following the example of the granitoid-
deposits in the Yilgarn craton (Cassidy et al., 1998), no 
direct high-level felsic source has been proven to be 
coeval with gold veining and, if magmatic fluids are 
involved, they are presumably derived from deep-
seated sources. 
III.11 Conclusions 
New geological, structural and mineralogical observa-
tions, coupled to geochemical and existing age data 
indicate that the Pataz gold province, as one of the first 
in the Andes, belongs to the orogenic (mesothermal) 
gold class. In combination, these key features provide 
a framework for establishing an integrated scenario for 
the generation of the lode-gold mineralization. In the 
elaborated model, we show how the different proces-
ses involved in the metallogenesis interacted with the 
regional geological environment, and were dominantly 
structurally controlled on scales ranging from the 
province to the ore sample. 
Initially, extensive arc-related calc-alkaline pluto-
nism occurred at 329 Ma in the Eastern Cordillera near 
Pataz. The emplacement of voluminous rigid intru-
sions, such as the Pataz Batholith, in a heterogeneous 
Proterozoic to lower Paleozoic basement, resulted in 
the development along their margins of regional aniso-
tropic zones and peripheral low-order fractures. Thus, 
the intrusion event has prepared a suitable structural 
trap with adequate mechanical inhomogeneities and re-
gional low-mean stress corridors, factors that together, 
are pivotal for the formation of epigenetic lodes. 
Exhumation of the cordilleran margin some m.y. 
later, coupled to an increased heat flow in a thickened 
margin have triggered an onset of processes at the 
origin of the release of large amounts of fluids in the 
Pataz area. The uplift conditions favored the upward 
migration of the released fluids along a lithospheric 
lineament, and their discharge at the brittle-ductile 
transition into second- to third-order structures sited 
along the batholith margins. Under the ~N°80E 
shortening strain, fluid flow was preferentially focused 
along pre-existing faults, contacts, dikes and bedding 
planes, creating along N-S-striking, east-dipping 
anisotropies quartz-sulfide fault-fill veins, hybrid 
between shear and extension, and, at the intersection of 
the later veins with vertical E-W-trending strike-slip 
faults, dilatational jogs with high-grade orebodies. 
Along these conduits, the ore-bearing fluid imposed a 
pervasive wallrock alteration, whose nature, mainly 
muscovite, is regulated by the fluid temperature and 
the lithogeochemistry of the host. As revealed by the 
overlap of isotopic ages, and the homogeneities in the 
alteration and ore mineralogies over the entire Pataz 
province, the fluid circulation involved in orogenic 
veining was episodic and of large extent, presumably 
over a 5 km depth, and 160 km lateral extension, 
respectively. 
Ore deposition in the lodes started with the 
precipitation of pyrite and arsenopyrite, and was follo-
wed, after a fracturation phase and under modified 
physicochemical conditions, by the infill of Pb-Zn-Cu-
bearing sulfide minerals with native gold and electrum 
in cracks. As indicated by the intimate textural 
relationship between gold or electrum particles and 
microgranular blue-grey quartz, controls on the late 
site of the Au-minerals are primarily microstructural, 
and to a less extent geochemical, considering the low 
correlation coefficients of lead and zinc vs. gold. This 
means that the interplay between adequate structural 
traps and appropriate precipitation mechanisms was 
critical for accumulating gold. 
In view of the preceding scenario, and in particular, 
of the late-kinematic timing of gold veining and the 
passive attitude of the plutonic host with respect to the 
auriferous lodes, the Pataz deposits are in an equiva-
lent situation to a large number of orogenic gold 
deposits hosted by granitoids. Likely counterparts of 
the Pataz deposits in the late Paleozoic are the St-
Yrieix district in France, and the Charters Towers 
orefield in Australia. Together, these three provinces 
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present an outstanding convergence in their vein 
styles, mineralogies and metal associations. The most 
striking points are the lithogeochemical and rheolo-
gical controls of the intrusion on the vein alteration 
and styles, and late introduction of the gold in the ore 
paragenesis. Furthermore, the isotopic ages available 
for these deposits suggest that, if magmatic fluids are 
involved in their genesis, they are presumably derived 
from deep-seated sources, since no direct high-level 
felsic source has been demonstrated to be coeval with 
gold veining. 
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Appendix 2 - Multi-elemental geochemical analyses of ores from the Pataz province. 
 Sample # Vein, Deposit  Au Ag As Bi Cd Cu Fe Pb Sb Te W Zn  
    NAA a AAS  b NAA ICP c ICP ICP ICP ICP NAA GFAA d NAA NAA  
    ppm ppm wt.% ppm ppm ppm wt.% wt.% ppm ppm ppm wt.%  
  Pataz district              
 YLL09B La Lima 2, La Lima  20 7.4 0.05 <5 <1 13.3 9.4 0.0108 3.5 - 4 <0.005 
 YLL09C La Lima 2, La Lima  4.7 1.8 0.033 <5 <1 7.6 3.66 0.0041 1.2 - <4 <0.005 
 YLL04 La Lima 2, La Lima  34 13.9 2.8 8 297 379 19.1 0.0745 33 - <4 3.4 
 YLL06 La Lima 2, La Lima  76 22.9 0.48 <5 <1 72.7 5.25 6.6 10 - <4 0.074 
 YLL15 La Lima 2, La Lima  29 10.4 2.7 6 <1 51.9 32.9 0.0436 53 - <4 0.11 
 YPP16B Mercedes, Papagayo  25 8.9 0.71 <5 <1 35.3 6.52 0.0284 9.0 - 5 0.022 
 YPP16C Mercedes, Papagayo  390 138 0.16 8 89 51.7 17.1 0.898 7.2 - <4 0.43 
 YPP16D Mercedes, Papagayo  49 67.8 2.7 47 1580 163 22.5 3.618 67 - <4 6.9 
 YPP16E Mercedes, Papagayo  81 106 2.4 26 672 128 20.5 5.5 83 - <4 3.3 
 YPP16F Mercedes, Papagayo  120 49.8 4.6 61 1430 1230 25.6 2.274 28 - - 7.7 
 YPP12 Mercedes, Papagayo  12 2.5 0.14 17 <1 20.6 14.3 0.0101 1.4 - <4 <0.005 
 YPP14 Mercedes, Papagayo  500 174 0.33 <5 15 85.1 20 0.728 5.2 0.3 - 0.18 
 YPP15 Mercedes, Papagayo  36 29 1.2 40 287 225 8.91 0.794 8.9 - <4 2.4 
 YPP20 Mercedes, Papagayo  15 5.9 0.14 31 <1 80.7 27.2 0.0145 1.2 - <4 0.028 
 YPP21 Karola, Papagayo  14 6.1 5.6 <5 <1 15.6 7.4 0.0358 22 - - 0.072 
 YTN14B Pencas, El Tingo  36 24.9 0.12 <5 623 88.7 3.14 1.488 7.2 - <4 2.9 
 YTN14C Pencas, El Tingo  35 39.6 0.4 9 285 121 23.7 4.762 25 - <4 1.7 
 YTN14D Pencas, El Tingo  41 18.1 0.17 <5 267 86.6 11.9 0.378 3.7 - <4 1.6 
 YTN06 Pencas, El Tingo  3.8 213 0.1 <5 161 18.9 2.58 6.6 230 0.1 <4 1.1 
 YTN07 Pencas, El Tingo  89 26.6 0.55 <5 <1 1.8 1.16 0.143 4.0 - <4 <0.005 
 YTN09 Pencas, El Tingo  200 286 2.7 <5 942 46.6 10.3 7.2 190 3.2 - 5.1 
 YTN17 Luz, El Tingo  3.5 2.2 0.061 12 <1 11.6 5.81 0.011 0.7 - 14 0.005 
 YSF48 Carhuacoto, Estrella  2.8 392 0.22 <5 544 381 21.4 5.7 430 1.0 13 4.4 
 YTN18 Consuelo, Consuelo  12 82 1.4 6 85 128 13.7 3.638 100 - <4 0.85 
 YTN19 Consuelo, Consuelo  45 204 2.5 <5 775 400 15 7.3 210 - 20 6.1 
 YTN20 Consuelo, Consuelo  1.4 1.4 1.6 <5 <1 8.6 3.81 0.0063 13 - <4 <0.005 
 YTN 24 Consuelo, Consuelo  8.7 1195.0 0.31 <5 415 135.0 14.2 8.779 1400 - <4 >1.0 
 YTN 25 Consuelo, Consuelo  10 117.0 0.46 <5 1100 469.0 26.1 3.985 160 - <4 >1.0 
 YEX11 Irma, Sta Maria  25 51.3 2.2 10 <1 250 26 2.117 58 - <4 0.052 
 YEX12 Irma, Sta Maria  100 112 0.41 12 <1 127 17.8 3.067 68 - <4 0.047 
 YEX14 Maria Rosa, Sta Maria  140 134 1.7 <5 332 1650 22.2 2.952 59 2 <4 2.6 
 YEX 73 San Pedro, Sta Maria  33 159.0 4.6 - 104 1660.0 19.9 0.744 270 - 270 0.63 
  Parcoy district              
 YEX21B Picaflor, Culebrillas  1.1 0.6 0.02 <5 <1 2.4 0.68 0.0144 0.7 - <4 <0.005 
 YEX21C Picaflor, Culebrillas  5.6 2.8 1.5 10 <1 6.5 3.96 0.0396 10 - <4 0.008 
 YEX21D Picaflor, Culebrillas  140 42.1 5 18 6 80.6 25 0.412 29 - - 0.39 
 YEX02 Picaflor, Culebrillas  18 8 0.61 <5 30 158 6.39 0.733 5.7 - <4 0.45 
 YEX22 Inca; Culebrillas  140 85 0.75 8 172 573 17.3 3.575 30 - <4 2.5 
 YEX23 V. Maria, Culebrillas  0.29 0.8 0.028 8 <1 28.7 3.07 0.0033 1.3 - 4 <0.005 
 YEX28 Candelaria, Horizonte  30 6.7 0.53 9 <1 203 17.6 0.0065 7.6 - <4 0.007 
 YEX 64 Sta. Teresa, Alaska  12 2.5 0.37 <5 1 42.2 13.4 0.023 6.4 - <4 0.009 
  detection limit  0.005 0.3 0.0002 5 1 0.5 0.01 0.0002 0.2 0.02 4 0.005 
a Neutron Activation Analysis (NAA), XRAL Laboratories, Toronto, Canada. 
b Atomic Absorption Spectrophotometry (AAS), XRAL Laboratories, Toronto, Canada. 
c Inductively Coupled Plasma emission spectrometry (ICP), XRAL Laboratories, Toronto, Canada. 
d Graphite Furnace Atomic Absorption (GFAA), XRAL Laboratories, Toronto, Canada. 
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ABSTRACT: The Pataz gold province, in the Eastern Andean Cordillera of northern Peru encompasses numerous brittle-ductile 
quartz sulfide auriferous veins, located within the external part of the granodioritic 329 Ma old Pataz Batholith close to the contact 
with low-grade metamorphic Proterozoic and lower Paleozoic rocks. The orogenic gold lodes, dated at ∼314 Ma, are characterized by 
a two-stage ore sequence, with a first paragenesis composed of milky quartz, pyrite and arsenopyrite (stage I), and a second one, 
postdating a fracturation event, consisting of blue-grey microgranular quartz, galena, sphalerite, Sb-sulfosalts, electrum, and native 
gold (stage II). They are followed by post-ore carbonate-quartz veinlets (stage III). 
Stage I and II sulfide minerals exhibit homogeneous δ34S values ranging between -0.1 and 3.5 per mil for pyrite and arsenopyrite, 
0.4 and 3.7 per mil for sphalerite, and -2.1 and 1.9 per mil for galena. Hydrothermal muscovite grains are characterized by a similar 
isotopic homogeneity, with δD values between -60 and -39 per mil, and δ18O values between 7.4 and 9.9 per mil. Quartz separates 
display slightly more positive δ18O values in the range 10.9 to 14.2 per mil for milky quartz, and 11.7 to 13.4 per mil for fine-grained 
quartz. Ankerite, dolomite and calcite separates yield equally a narrow cluster of δ18O values, in the range 8.9 to 9.9 per mil, at 11.7 
per mil, and between 7.5 and 9.3 per mil, respectively. The carbonate minerals show a slight depletion in their carbon isotope 
compositions coinciding with the evolution of the paragenetic sequence, with increasingly more negative δ13C values from stage I 
ankerite (-5.6 and -5.2 per mil) to stage III dolomite (-7.6 per mil), and calcite (-8.5 to -8.3 per mil). This overall uniformity in H, O, 
C, and S isotope composition of the ore, gangue and alteration minerals, irrespective of the lode, the host lithology, and the structural 
level, is indicative of a regional fluid flow at scales of several tens of kilometers. In terms of fluid sources, the calculated stable 
isotope fluid compositions (stages I & II: Df = -25 ±10 per mil, δ18Of = 7 ±2 per mil, δ13CΣC = -3 ±1 per mil, and δ34SΣS = 2 ±2 per 
mil) are non-diagnostic, and reflect the fluid-rock interactions taking place along the pathways, with values resulting from a mixture 
of the intersected lithologies (Pataz Batholith, its deep-seated root rocks, and the Precambrian metamorphic basement). 
The radiogenic isotope tracers point out substantial metal input external to the host pluton and remote from the depositional 
environment. The lead isotope ore compositions (206Pb/204Pb = 18.35-18.46, 207Pb/204Pb = 15.62-15.69, 208Pb/204Pb = 38.26-38.50), 
that are less radiogenic than those of all country rocks at the time of mineralization, reveal a mixture between lead from the 
immediate calc-alkaline plutonic rocks and deep-seated reservoirs such as the plutonic roots and other lower crustal rocks. The 
scattered 87Sr/86Sr compositions of the gangue carbonate minerals (0.708-0.715) are interpreted as indicating a mixture of an ore-fluid 
radiogenic Sr and the less radiogenic Sr released from the batholith rocks (0.707-0.708). Likely sources of the strontium in the 
hydrothermal fluid (>0.715) are the Precambrian basement and, in unknown proportions, ultimate crustal providers such as gneiss or 
subducted sediments. 
Three chemically-different fluid inclusion populations were recognized in the Pataz lodes: (1) pre- to syn-ore clusters of 
pseudosecondary H2O-CO2-NaCl±CH4 inclusions in milky quartz (1 to 8 wt percent NaCl equiv.), (2) syn-ore H2O-NaCl inclusions, 
trapped as secondary trails in quartz and as pseudosecondary clusters in sphalerite, showing decreasing salinities from 15 to 5 wt 
percent NaCl equiv., and (3) post-ore highly saline H2O-NaCl-CaCl2 inclusions in crosscutting cracks. The decrease of the salinities 
and the related drop of the homogenization temperatures (from 268 to 142°C) observed in population 2 inclusions probably reflect 
mixing between a hot moderately saline fluid and a low-temperature dilute fluid. P-T reconstructions based upon isochores suggest 
that, between the quartz deposition (early stage I) and the sphalerite precipitation (auriferous stage II), the gold veins followed a 
decompression path, in which the pressure decreased from about 5 to less than 1 kbar while the temperature dropped from about 400 
to less than 300°C. This P-T evolution can be explained in terms of depth changes linked to uplift, and continuous cooling of the 
hydrothermal system. 
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A comprehensive genetic model was established based upon the isotope and fluid inclusion results, their interpretation and the 
geological setting. Gold mineralization, at Pataz, is closely related to an uplifting convergent margin and to an addition of heat into a 
thickened crust. Under these favorable tectono-thermal conditions, low-salinity aqueo-carbonic fluids were released from the lower 
crust, and were able to migrate upwards along lithospheric lineaments. At a depth of 16±5 km, these fluids deposited quartz and 
ankerite in low-order reverse faults and extension fractures. Moderately saline CO2-free fluids followed the aqueous carbonic fluids, 
and mineralized the quartz lodes with pyrite and arsenopyrite. At shallower levels (ca. 5-10 km), deep-infiltrated surface-derived 
waters entered in the hydrothermal system, and progressively diluted and cooled the rising brines. This fluid mixing is apparently the 
trigger that provoked after a drop of sulfur activity the dissociation of the Au(HS)2- complex and thus its deposition at ~330°C, 
deduced from δ34S geothermometry, as native gold and electrum together with sphalerite and galena. In this scenario, several 
fundamental questions remain unanswered, such as the heat engine, whether magmatic or metamorphic or both, at the origin of the 
release of fluids and metals from lower crustal rocks, the effective ultimate source(s) of gold, and the exact nature of the gold-
carrying fluid. 
 
IV.1 Introduction 
In the frame of the age determinations and the 
structural observations presented in chapter II and III, 
the auriferous lodes of the Pataz province in the Eastern 
Cordillera of northern Peru have been classified as 
orogenic gold deposits, term now adopted for 
mesothermal or structurally-controlled Au-rich lode 
deposits (Bohlke, 1992; Groves et al., 1998). A detailed 
description of the Pataz gold deposits with the geolo-
gical context, the regional, structural and lithological 
controls, the ore, gangue and alteration parageneses, 
and the ore geochemistry is given in chapter III. Two 
main conclusions were drawn from the age and 
structural studies: (1) the main host, the Pataz 
Batholith, acted only as a passive host to the structu-
rally-controlled lode-gold mineralization; and (2) the 
mineralizing event is of regional extent, occurring 
during the Pennsylvanian contemporaneously with an 
uplift stage within a convergent margin setting. 
The scope of this paper is to propose a metallogenic 
model for the Pataz province combining a fluid 
inclusion and multi-isotopic approach. Previous fluid 
inclusion (Schreiber, 1989; Schreiber et al., 1990) and 
radiogenic isotopic data (Vidal et al., 1995; Macfarlane 
et al., 1999) have been interpreted with respect to a 
high-level felsic plutonic model for the gold lode 
genesis, an assumption which appears as incompatible 
with our new observations and with the recent 40Ar/39Ar 
dating (Haeberlin et al., 2002). Schreiber (1989) and 
Schreiber et al. (1990) reported microthermometric 
fluid inclusion data for quartz samples, and identified 
two main populations of saline-aqueous fluid inclu-
sions. They have interpreted one population as early 
medium chlorine K-rich fluids (8-14 wt % NaCl equiv.) 
related to a magmatic event, and the second one as a 
gold-bearing Na, K, Ca or Mg medium to high chlorine 
fluid (7-20 wt % NaCl equiv.) having experienced 
strong fluid-rock interaction. For the generation of the 
gold lodes, Schreiber et al. (1990) proposed that gold 
was leached from Precambrian and Paleozoic country 
rocks by predominantly magmatogenic solutions in a 
possible convective circulation system. In the Parcoy 
district, Vidal et al. (1995) and Macfarlane et al. (1999) 
examined the source(s) of the metals in the veins by 
comparing the lead and neodymium isotope geoche-
mistry of the lodes and their country rocks. Based on 
the lead isotope homogeneity between the lodes and the 
similarity of their ratios with the lead isotopic 
compositions of the plutonic host, they concluded that 
magmatic assimilation rather than scavenging by 
hydrothermal fluids was most probably the primary 
mechanism for concentrating crustal lead into the 
Parcoy veins. 
This contribution presents a comprehensive set of 
detailed analytical data, with microprobe data on arse-
nopyrite, stable (H, O, C, S) and radiogenic (Pb, Sr) 
isotopes, and fluid inclusion microthermometry. The 
objectives were to characterize in space and time the 
fluid chemistry and temperature, to constrain fluid and 
metal sources, and to test and compare the data with the 
genetic models currently proposed for other orogenic 
gold deposits. These results coupled to the age and 
descriptive data in chapters II and III lead to the 
elaboration of a unifying genetic model for the gold-
bearing veins of the Pataz region. 
IV.2 Overview of the Pataz gold province 
The Pataz gold province (7°20’-8°10’S, 77°20’-
77°50’W), which encompasses from north to south the 
Bolívar, Pataz (Schreiber, 1989; Schreiber et al., 1990; 
Haeberlin et al., 1999, 2000a,b, 2002), Parcoy (Vidal et 
al., 1995; Macfarlane et al., 1999) and Buldibuyo 
districts is situated in the Eastern Cordillera of the 
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Fig. 1 - Schematic geological map of the Pataz gold province with location of the sampling areas, the Poderosa sector (La Lima-
Papagayo-El Tingo-Consuelo deposits), the Santa Maria mine near the Pataz town, and the Culebrillas mine in the Parcoy district. 
northern Peruvian Andes. In northern Peru, the geology 
of this cordillera is characterized by a pre-Silurian 
metamorphic basement, and Mississippian calc-alkaline 
plutons, overlain in the uppermost part of the mountain 
belt by Miocene to Pliocene volcanic rocks (Fig. 1). 
This pre-Silurian substratum consists of a 
polydeformed phyllite formation, the Marañón 
complex, and of a slightly folded Cambro-Ordovician 
volcano-sedimentary cover, subdivided in a basal 
member with sandstones, pyroclastic rocks and basalts 
(Vijus Formation), and upper turbiditic sequences 
(Contaya Formation). The volcanic arc-related 
Mississippian plutonism is expressed in the studied 
region by the 329 Ma old Pataz Batholith (Vidal et al., 
1995), an at least 70-km-long batholith composed of 
diorite, granodiorite, monzogranite, and late aplite and 
lamprophyre dykes. 
The auriferous lodes of the Pataz province are 
known at least since the Inca time (15-16th centuries). 
Over the past 100 years, more than 16 underground 
mines, distributed over the entire province (Fig. 1) 
produced a total of 6 Moz gold. Grades in the mined 
ore shoots vary between 7 to 15 g/t Au, and locally 
reach about 120 g/t Au. Present resources are estimated 
at ~40 Moz gold for the 160-km mineralized belt. The 
La Lima (La Lima 2 vein), Papagayo (Mercedes vein), 
El Tingo/Estrella (Pencas and Carhuacoto veins) and 
Consuelo (Consuelo vein) deposits in the Poderosa 
sector of the Pataz district, the Santa Maria mines 
(Maria Rosa, Irma and Nueva Porfia veins) close to the 
Pataz mining town, and the Culebrillas mine (Picaflor 
and Inca veins) in the northern part of the Parcoy 
district were chosen as the key sites of our metallogenic 
study (Fig. 1). 
110 
 
These gold-bearing deposits, dated near Pataz by 
40Ar/39Ar at ∼314 Ma on hydrothermal muscovite, 
present several recurrent and typical field characteris-
tics over the province. These include (1) at a regional 
scale, location of the mineralization in low-order 
structures at less than 5 km to the east of a major 
NNW-striking lineament, and a spatial association with 
the NNW-striking margins of the batholith, resulting in 
the concentration of the lodes in a 1- to 3-km-wide 
structural corridor; (2) at the mine scale, strong rheo-
logical and lithological controls on the vein geometries 
and styles, the lodes occurring as continuous up to 5-
km-long quartz veins within or along the margin of the 
batholith, and as branching and bedding-concordant 
narrow ore shoots if hosted by the folded Ordovician 
slates of the Contaya Formation; (3) homogeneity of 
vein strikes, in particular within the batholith, where 
more than 80 percent of the quartz veins are emplaced 
along N- to NW-striking brittle-ductile deformation 
zones, dipping 30 to 60° to the E-NE and with a 
reverse-dextral sense of motion; (4) an invariable Au, 
Ag, As, Fe, Pb, Zn, ±Cu, ±Ag, ±Sb, ±(Bi-Te-W) metal 
association, and a two-stage ore sequence, with a first 
paragenesis composed of milky quartz, pyrite, 
arsenopyrite and ankerite, and a second one postdating 
a fracturation event consisting of blue-grey micro-
granular quartz, galena, sphalerite, chalcopyrite, Sb- 
 
 
  Paragenesis Early Stage I Stage II Stage III  
    Fe-As stage Pb-Zn-Au stage post-ore  
I II Pyrite 
I IIArsenopyrite 
Sphalerite 
Galena 
Chalcopyrite 
Pyrrhotite 
Freibergite 
Electrum 
Gold 
Jamesonite 
I Milky quartz 
II Blue-grey quartz 
III
White quartz 
Muscovite 
Chlorite 
Ankerite 
I II
Dolomite 
Calcite 
Fig. 2 - Simplified paragenetic sequence of ore, gangue, and 
alteration minerals in the Pataz gold deposits. 
sulfosalts, electrum, and native gold, and followed by 
post-ore calcite-dolomite-quartz veinlets (Fig. 2); and, 
(5) hydrothermal alteration of the wallrock, consisting, 
in plutonic wallrocks, of pervasive sericitization with 
minor chloritization, carbonitization, and pyritization 
coupled to their strong bleaching, and in sedimentary 
hosts, of a weak sericitization and chloritization. 
IV.3 Materials and methods 
Sampling was performed on vein material and 
hydrothermally altered wallrocks, coming from the 
Poderosa sector and the Pataz mines in the Pataz 
district, and from the southern Culebrillas mine in the 
Parcoy district (Fig. 1). Samples were collected with a 
spatial perspective to investigate lodes hosted by 
different lithologies or emplaced at different structural 
levels, and with a temporal view to analyze minerals of 
the three successive paragenetic stages (Fig. 2). 
Additionally, representative igneous rocks from the 
Pataz Batholith and the adjacent basement units were 
chosen for evaluating the influence of the local fluid 
reservoirs on the gold mineralization. The methods that 
were used to determine the PVTX properties of the 
hydrothermal system and the likely fluid sources are 
briefly exposed as follows. 
Arsenopyrite chemistry. Chemical analyses of 
arsenopyrite have been performed on carbon coated 
polished sections with a Cameca SX50 electron micro-
probe. Instrumental conditions were set to an accele-
rating voltage of 15 kV, a beam current of 20nA, and a 
magnification of 200’000 K. The arsenic was calibrated 
on a GaAs standard, and acquired for a time interval of 
150 seconds, thus allowing a 2σ accuracy of ±0.4 wt 
percent on the measurements. 
Sulfur isotope analysis. The sulfur isotope analyses 
were performed using an on-line elemental analyzer 
(Carlo Erba 1108) -continuous flow- isotope ratio mass 
spectrometer (Finnigan Mat Delta S), according to the 
technique described by Giesemann et al. (1994). The 1 
to 3 mg sulfide mineral powders were wrapped together 
with 1 mg of V2O5 in tin capsules. The sulfide minerals 
were completely oxidized to SO2 by flash combustion 
at 1020°C in an oxidation-reduction quartz column. A 
He stream carries the gases produced during the 
combustion through a desiccant trap and a gas-
chromatograph column, in order to separate CO2 and 
NO2 from SO2. The SO2 is analyzed by mass 
spectrometry for its isotope ratios. The reproducibility 
is better than ±0.2‰ for δ34S. The data are reported as 
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per mil (‰) deviations relative to the Canyon Diablo 
Troilite (CDT) standard. 
Hydrogen isotope analysis. Hydrogen isotope 
determinations on igneous biotite and hydrothermal 
muscovite are based on the procedure described by 
Vennemann and O’Neil (1993). Hydrogen was 
separated from micas placing 20 to 30 mg of purified 
material in a silica glass tube. After evacuation, the 
samples were heated until the mineral melted. All H2O 
released was transferred to a cold trap during melting. 
Minor H2 produced reacted with CuO at 550°C and was 
converted to H2O. Both water sources are cryogenically 
purified and freezed in Pyrex tubes with excess zinc. 
After sealing, the tubes were heated at 480°C during 
half an hour to reduce the H2O content to H2 by Zn 
oxidation. δD values (‰ relative to V-SMOW) were 
measured on a Finnigan Mat 251 mass spectrometer. 
Replicate analyses of the NBS-30 biotite standard are 
within 68 ±3‰. 
Oxygen isotope analysis of silicate minerals. 
Oxygen was extracted from quartz and hydrous silicate 
mineral separates using the BrF5 as an oxidizing agent 
and converted to CO2 following the procedure of 
Clayton and Mayeda (1963). The isotopic values, 
reported in per mil relative to the V-SMOW standard, 
were determined with a Finnigan Mat 252 mass 
spectrometer. The reproductibilities of the δ18O values 
are ±0.2‰ for unknowns. 
Carbon and oxygen isotope analyses of carbonate 
minerals. Carbon dioxide was extracted from calcite 
samples using the conventional method of McCrea 
(1950) by reaction with excess phosphoric acid at 50°C 
during one hour. The ankerite and dolomite samples 
were reacted at 70°C overnight to ensure a complete 
carbon dioxide extraction. The isotopic compositions 
were measured on a Finnigan Mat Delta S mass 
spectrometer with an analytical precision (2σ) of 0.2‰ 
for δ18O (vs. V-SMOW) and 0.1‰ for δ13C (vs. V-
PDB). The oxygen isotope values were corrected for 
fractionation with the factor 1.00931 for calcite at 50°C 
(Swart et al., 1991). The fractionation factors at 70°C 
for ankerite (1.00987) and for dolomite (1.00993) were 
calculated according to the equations proposed by 
Rosenbaum and Sheppard (1986). 
Lead isotope analysis. For the lead isotope analyses 
of the ores, about 1 ng of galena was dissolved in 14M 
HNO3. Lead was purified by electrodeposition on a 
platinum wire. For the whole rocks, 100 mg powdered 
samples were leached and digested overnight in a 
mixture of HCl and HNO3 and from the two separated 
fractions, the residue was further etched in a mixture of 
HF and HNO3. The leach/residue preparation is 
described in Chiaradia and Fontboté (2000). 
Leach/residue leads were purified through anion 
exchange chromatography. Fractions of the pure lead 
from the galena and the whole rock leaches/residues 
were loaded using silica gel on Re filaments. The 
isotopic measurements were performed on a Finnigan 
Mat 262 thermal ionization mass spectrometer. The 1σ 
uncertainties are <0.05% for the 206Pb/204Pb ratio and 
<0.1% for the 208Pb/204Pb and <0.08% for 207Pb/204Pb 
ratios. 
Strontium isotope analysis. For strontium isotope 
determinations on carbonate minerals, approximately 
100 mg of finely ground material were partly dissolved 
overnight in 6N HCl at 100°C. The solution was 
evaporated and the residue dissolved in 2.5N HCl. 
Strontium was then separated in cation exchange 
columns. For strontium isotope determinations on the 
Pataz Batholith and its adjacent rocks, 400 mg samples 
were partly dissolved overnight in 4 ml of HF at 100°C. 
The remaining analytical procedure was identical to the 
one applied to carbonate minerals. The isotopic 
measurements were undertaken on a Finnigan Mat 262 
spectrometer. The Rb and Sr concentrations in the 
whole rock and in the carbonate minerals were 
determined respectively by X-ray fluorescence and by 
atomic absorption spectrophotometry. 
Hydrogen isotope analyses on hydroxyl-bearing 
silicate minerals, oxygen and carbon isotope analyses 
on carbonate minerals, and sulfur isotope analyses on 
sulfide minerals were undertaken at the Stable Isotope 
Laboratory of the University of Lausanne, Switzerland. 
Oxygen isotope analyses on silicate minerals were 
performed at Queen’s University, Kingston, Canada. 
The lead and strontium separations on ore/gangue 
minerals and whole rocks and their subsequent analyses 
were carried out at the University of Geneva, 
Switzerland. 
Fluid inclusions. Quartz and sphalerite samples 
were prepared as doubly polished 100-µm-thick plates, 
and fluid inclusion microthermometry was performed 
on a Linkam THMSG600 heating-freezing stage 
mounted on a Leica DMLB microscope with a Nikon 
100x objective. The stage was calibrated at -56.6°C, 
0.0°C and 374.1°C with synthetic fluid inclusions 
(Sterner and Bodnar, 1984). Accuracy is ±0.1°C for 
melting temperatures and ±1°C for homogenization 
temperatures. Additionally, fluid inclusions were 
succinctly analyzed with a Labram Raman microprobe 
to test for the presence of volatiles undetected by 
standard microthermometry. 
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IV.4 Arsenopyrite geothermometry 
Arsenopyrite is a major ore component in most of the 
Pataz auriferous lodes, and as one of the few refractory 
sulfide minerals, its chemical composition, in particular 
its arsenic content, may be used in buffered assem-
blages as a cationic geothermometer (Kretschmar and 
Scott, 1976). According to the textural observations, 
arsenopyrite occurs as (1) euhedral mm-sized cracked 
crystals on the outer margin of dodecahedral pyrites, as 
(2) aggregates intergrown with pyrites, and (3) tiny late 
diamond-shaped crystals aligned along trails within 
galena and sphalerite. The first two habitus are related 
to the early As-Fe paragenetic stage, whereas the late 
arsenopyrite is coeval with the vanishing phase of the 
auriferous stage, and coexists with pyrite II and 
pyrrhotite (Fig. 2). 
In the samples from the Poderosa sector, the three 
generations of arsenopyrite provided statistically undis-
tinguishable ranges of arsenic concentrations (Table 1). 
The euhedral grains yield arsenic contents ranging 
between 29.0 and 31.1 at. percent, the intergrowths 
between 28.6 and 31.4 at. percent, and the late second 
generation crystals between 28.0 and 30.4 at. percent. 
The three arsenopyrite populations show microscopic 
heterogeneities within single crystals up to 1.5 at. 
percent As, which apparently are randomly distributed. 
These chemical heterogeneities coupled to the low 
arsenic contents in the samples, as the mineral reactions 
are poorly constrained under the 30 at. percent As 
isopleth, make the use of the arsenopyrite geother-
mometer highly questionable for obtaining accurate 
temperatures. The obtained temperature estimates for 
the crystallisation of the different arsenopyrite 
generations (Table 1) are thus considered as semi-
quantitative. They are reported from the projection of 
the As at. percent isopleths in the (f) S2 vs. T plot of 
Kretschmar and Scott (1976), taking into account the 
modifications proposed by Sharp et al. (1985) for the 
isopleths in the pyrite field, and their pressure 
corrections, i.e. in the present case, a 30°C increase on 
the reported temperatures for a pressure set at 2 kbar. 
As a result, arsenopyrite I grew at a temperature of 330 
±70°C, the pyrite-arsenopyrite intergrowths at ~300 
±120°C and the second-stage tiny arsenopyrite at ~300 
±60°C. The later result indicates that gold precipitated 
at temperatures below 360°C, since it is coeval with the 
late arsenopyrite. Furthermore, the overlap observed in 
the temperature estimates may reflect that there is no 
major change in the thermal conditions between ore 
stages II and I. 
 
Table 1 - Arsenic contents in representative arsenopyrite samples from the Poderosa sector. Each habitus is illustrated by three 
representative analyses. Temperatures calculated after the arsenopyrite geothermometer of Kretschmar and Scott (1976). 
 Mineral arsenopyrite I  arsenopyrite I  arsenopyrite II  
 Habitus euhedral millimetric crystals  intergrowths with pyrite  trails of small scalenoeders 
 Representative analyses  
   #1 #2 #3 #1 #2 #3 #1 #2 #3
 Metals Fe 35.47 35.04 35.28 35.78 35.76 35.59 35.24 35.66 35.69
 (wt %) As 42.44 41.58 42.68 41.18 41.66 43.13 42.36 41.20 41.02
  Co 0.02 0.05 0.01 0.06 0.02 0.02 0.03 0.06 0.05
  Cu 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.04 0.03
  S 22.00 21.83 21.44 22.85 22.40 21.46 21.74 22.73 22.93
 Total 99.92 98.50 99.42 99.87 99.86 100.20 99.36 99.68 99.71
 Metals Fe 33.64 33.66 33.77 33.65 33.77 33.85 33.65 33.63 33.58
 (at %) As 30.00 29.77 30.46 28.87 29.34 30.58 30.16 28.96 28.77
  Co 0.02 0.04 0.01 0.05 0.01 0.01 0.02 0.05 0.04
  Cu 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.03 0.03
  S 36.34 36.52 35.75 37.43 36.85 35.56 36.16 37.33 37.58
 Arsenopyrite geothermometer     
 As at %  average ± σ 30.0 ± 0.5   (n=28)  29.6 ± 0.8   (n=14)  29.5 ± 0.7  (n=18) 
  range 29.0 to 31.1  28.6 to 31.4  28.0 to 30.4 
 buffer minerals pyrite I  pyrite I  pyrite II and pyrrhotite 
 crystallisation temperature a average 330°C, up to 400°C  (average ~300°C) up to 420°C  (average ~300°C) up to 360°C 
a The estimated temperatures are reported from the projection of the at percent As isopleths in the the (f) S2 vs. T plot of Kretschmar and Scott (1976), 
taking into account the modifications for the isopleths in the pyrite field, and the pressure correction proposed in Sharp et al. (1985). The aforenamed 
pressure is set at 2 kbar, which implies a temperature increase of +30°C on the reported values. 
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IV.5 Sulfur isotopes 
IV.5.1 Results 
Sulfide minerals of the first and second paragenetic 
stages were used to characterize the sulfur isotope 
composition of the pre- and syn-gold stages. The δ34S 
values of all 44 analyzed sulfide mineral separates are 
closely clustered between -2.1 and 3.7 per mil (Table 2 
and Fig. 3). Coexisting pyrite I and arsenopyrite I, 
which form the main ore of the first stage, have 
overlapping δ34S values, ranging between -0.1 and 3.5 
per mil. For the second-stage paragenesis, δ34S values 
range from 0.4 to 3.7 per mil for sphalerite, from -2.1 to 
1.9 per mil for galena, and are equivalent to 2.5 per mil 
for chalcopyrite. In the granitoid-hosted lodes, the 
 
Table 2 - Sulfur isotope compositions of sulfide minerals from 
the Pataz province and sulfur geothermometric results. 
  Sample Vein δ 34S (‰, CDT) T (°C) a  
 #  as I py I cp gn sl  sl-gn pairs  
 Host-rock: granitoids     
 YPP 15 Mercedes  -1.7   
 YPP 16E Mercedes 2.3 1.9 -1.3 0.9 305 ±50  
 YPP 29 Mercedes  1.9 3.7 365 ±65  
 YTN 04 Pencas  0.8 2.9 315 ±50  
 YTN 09 Pencas  0.8 2.8 330 ±55  
 YTN 10 Pencas 3.2 3.2     
 YTN 14B Pencas  0.5 2.3 365 ±65  
 YTN 19 Consuelo 2.7 2.5 0.3 2.2 345 ±60  
 YTN 25 Consuelo  -0.4 1.4 365 ±65  
 YTN 34 Consuelo  0.4 2.2 365 ±65  
 YEX 11 Irma  0.1    
 YEX 12 Irma  -0.4    
 YEX 21D Picaflor 3.5 3.2     
 YEX 24 Picaflor  0.9    
 YEX 63 Picaflor  2.5 0.7 2.8 315 ±50  
      295 ±65 b  
 Host-rock: slates/hornfels     
 YEX 01 Nva. Porfia  -0.5 2.4 230 ±30  
 YEX 14 Maria Rosa  0.7 -2.1 0.4 265 ±40  
 YEX 59 Maria Rosa  -0.1     
 YEX 22 Inca  2.5 0.3 2.9 255 ±40  
      240 ±50 b  
 Host-rock: phyllites      
 YSF 47 Carhuacoto  -0.8 2.9 not in  
 YSF 48 Carhuacoto  1.8 2.9 } equilibrium  
Sulfide mineral abbreviations: as I = arsenopyrite; py I = pyrite I; cp = 
chalcopyrite; gn = galena; sl = sphalerite. 
a The equilibrium temperatures have been calculated for the gold stage 
with the sphalerite-galena couples, according to the equations proposed 
by Ohmoto and Rye (1979). The stated accuracy on the temperatures 
include uncertainties of twice 0.2 per mil on the measures and of twice 
0.05 on the fractionation factors. 
b Values obtained with chalcopyrite-galena pairs. 
 
 
 
 
 
 
 
 
 
Fig. 3 - Sulfur isotope compositions of the sulfide minerals from 
the Pataz gold deposits. Stage I and II sulfide minerals have 
overlapping δ34S values. Values are listed in Table 2. 
gradual decrease of the δ34S values with δ34Ssl > δ34Scp 
> δ34Sgn is in line with the equilibrium fractionation 
factors (Ohmoto and Rye, 1979), and the consistency of 
the 1.8 to 2.2 per mil difference between the coeval 
galena-sphalerite pairs suggests an isotopic system in 
equilibrium during the ore-forming event. In the 
slate/hornfels-hosted lodes, greater ∆34S fractionation 
(2.5 to 2.9 per mil) for the galena-sphalerite pairs is 
observed. The inhomogeneous ∆34S fractionation 
between mineral couples in the phyllite-hosted lodes 
suggests lack of equilibrium. 
IV.5.2 δ34S geothermometry 
The temperature calculations are based on the textural 
evidences that galena, sphalerite and chalcopyrite 
formed in equilibrium. For sulfur isotope exchange 
geothermometry, the following equilibrium equations 
of Ohmoto and Rye (1979), are used: (1) 1,000 ln α = 
0.73 (106/T2) for sphalerite-galena pairs and (2) 1,000 
ln α = 0.58 (106/T2) for chalcopyrite-galena pairs 
(Appendix 1). The application of these equations to the 
three coeval sulfide minerals yields a bimodal, host-
rock dependent distribution of the 14 calculated 
temperatures (Table 2 and Fig. 4). The results range 
between 295 and 365°C for the granitoid-hosted lodes 
(e.g. Mercedes, Consuelo and Picaflor veins) and 
between 230 and 265°C for the slate/hornfels-hosted 
lodes (e.g. Nueva Porfia, Maria Rosa and Inca veins). 
The greater ∆34S fractionation for the lodes hosted 
in the Ordovician slates/hornfels could indicate either 
lower temperatures, or lack of equilibrium. An argu-
ment on the behalf of the first hypothesis is the equiva-
lence, in sample YEX 22, of the isotopic temperature 
determined with chalcopyrite-galena geothermometer 
with the one obtained from the sphalerite-galena pairs 
(Table 2). However, this argument is seriously ques-
tioned by the observation that, in the same sample, the
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Fig. 4 - Comparative diagram of the equilibrium temperatures calculated for the second stage paragenesis (gold deposition) with four 
different geothermometers. The lower temperatures obtained on the slate/hornfels-hosted lodes using the δ34S geothermeter are 
interpreted as indicating isotopic disequilibrium in the samples, and thus, are geologically meaningless. 
δ18O geothermometer yields a temperature of 340°C 
(see below). The second hypothesis involving δ34S 
isotope disequilibrium, since it would be common to all 
the sediment-hosted ores, is thus preferred. Conse-
quently, the temperature of 330 ±40°C, calculated on 
the granitoid-hosted lodes, is considered as the closest 
estimate of the thermal conditions under which the 
gold-bearing second-stage paragenesis formed for the 
lodes of both the Pataz district and the Culebrillas mine 
in the northern Parcoy district. 
IV.5.3 δ34S value of the hydrothermal fluid 
The δ34SH2S value of the hydrothermal fluid responsible 
for the formation of the first and second parageneses 
can be estimated directly from the δ34S values of the 
sulfide minerals, in particular sphalerite. Moreover, in a 
system in equilibrium where the reduced sulfur species 
predominates, the isotopic composition of the total 
sulfur present in the fluid, δ34SΣS, is considered to be 
equivalent to the δ34SH2S value. In summary, the 
following approximation, for T < 500°C and pH < 6, 
will be used (Ohmoto and Goldhaber, 1997):  δ34SΣS ≈ 
δ34SH2S ≈ δ34Ssl. Consequently, the δ34SΣS values are 
clustered between 0 and 4 per mil for both the early 
pyrite-arsenopyrite paragenesis and the subsequent 
lead-zinc auriferous stage. This uniform δ34SΣS pattern 
during fluid cooling is fully compatible with an H2S-
dominated system (Ohmoto and Goldhaber, 1997). 
The close to zero δ34SΣS values are generally inter-
preted in term of a magmatic source, but in the present 
case they do not allow us to discriminate between a 
local, such as the Pataz Batholith, or a deep-seated 
plutonic component. The sulfur was incorporated in the 
hydrothermal system either directly from deep magmas 
or indirectly by dissolution and/or desulfidation of 
primary magmatic sulfide minerals or average crustal 
sulfur (McCuaig and Kerrich, 1998, and references 
therein). In the sediment-hosted lodes, the sulfur in the 
ores is derived not only from the hydrothermal fluid but 
is also leached from Proterozoic to Ordovician syn-
sedimentary sulfur in the adjacent country rocks, as 
suggested by the systematic δ34S disequilibrium 
observed between the sulfide mineral couples. 
IV.6 Hydrogen, oxygen and carbon isotopes 
IV.6.1 H, O isotope compositions obtained on the 
Pataz Batholith 
The analyses of three biotite concentrates (Table 3), 
separated from granodioritic to monzogranitic rocks, 
yield a narrow range of δD and δ18O values from -85 to 
-73 per mil and from 2.7 to 3.6 per mil, respectively. A 
fourth biotite separate, extracted from a late aplite 
dyke, displays somewhat heavier compositions with a 
δD value of -70 per mil and a δ18O value of 4.5 per mil. 
This slight increase of the δ18O reflects the tendency of 
the rocks with high SiO2 content, such as the more 
evolved aplite magmas, to concentrate 18O (Faure, 
1986).
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The isotopic compositions of the primary magmatic 
fluid coexisting with biotite were determined using the 
empirical calibration of Bottinga and Javoy (1975) for 
the 18O/16O fractionation, and the generalized equation 
of Suzuoki and Epstein (1976) for the D/H fractio-
nation (Appendix 1). Assuming a crystallisation tempe-
rature around 750°C for the analyzed samples, the fluid 
equilibrated with the biotite has a calculated δD value 
between -45 and -34 per mil and a δ18O value between 
5.0 and 6.8 per mil (Appendix 1). In the δD vs. δ18O 
diagram, these fluid compositions encompass the 
compositional field of crustal felsic magmas defined by 
Hedenquist and Lowenstern (1994). 
The oxygen isotope ratio of the whole rock can be 
directly evaluated from the biotite measurements, since 
at high temperatures, the 18O/16O fractionations 
between the granite-forming minerals, i.e. quartz, pla-
gioclase, K-feldspar, biotite and hornblende, are small. 
Similarly the deuterium composition of the batholith is 
inferred from the δD values of the biotite, the 
predominant hydrous mineral of the rock. Thus, the 
average δD and δ18O values of the Pataz Batholith 
rocks are equivalent to -80 ±20 per mil and to 3 ±2 per 
mil, respectively. 
IV.6.2 H, O, C isotope compositions obtained on 
the gold mineralization 
The hydrogen, oxygen and carbon isotope compositions 
of the gangue and alteration minerals (quartz, 
carbonates and muscovite) are listed in Table 4. Despite 
the wide geographic distribution of the samples over 
the entire Pataz province, all the H, O and C isotope 
compositions exhibit an overall uniformity, thus ruling 
out any zonation on a province scale. 
The isotopic compositions of the hydrothermal fine-
grained muscovite range between -60 to -39 per mil for 
deuterium and between 7.4 and 9.9 per mil for oxygen. 
The heaviest δD values occur usually at the core of the 
quartz lodes and the most depleted values in the 
bleached wallrock. This trend of the δD values suggests 
a decrease of the fluid/rock ratios towards the outer 
margin of the mineralized lode. There is no evidence of 
a similar pattern for the corresponding δ18O values. 
Quartz separates, regardless of their generation, 
have homogeneous δ18O values, about 3 to 5 per mil 
heavier than those of muscovite. δ18O values of milky 
quartz I vary between 10.9 and 14.2 per mil and δ18O 
values of blue-grey quartz II between 11.7 and 13.4 per 
mil overlapping those of quartz I. The maximum shift 
between the  two generations  does not  exceed ±0.8 per 
Table 3 - Hydrogen and oxygen isotope compositions of some 
igneous biotite separates from the Pataz Batholith and isotopic 
signature of the magmatic fluid. 
  Sample Rock Chemistry δD (‰, SMOW) δ 18Ο (‰, SMOW) 
#  
XAl IV XMg XFe bi
ot
ite
 
H
2O
 a   
bi
ot
ite
 
H
2O
 b  
 
 YLL 01 Granodiorite 0.03 0.32 0.65 -73  -34 3.6  5.9
 YSF 20 Monzogranite 0.02 0.32 0.66 -85  -45 2.7  5.0
 YSF 22 Monzogranite 0.03 0.36 0.61 -77  -41 2.7  5.0
 YSF 19 Aplite dyke 0.15 0.26 0.59 -70  -36 4.5  6.8
a δDH2O have been calculated with the generalized fractionation equation 
of Suzuoki and Epstein (1976) for a crystallisation temperature of 
750°C. 
b δ18OH2O have been evaluated with the empirical biotite-water frac-
tionation equation proposed by Bottinga and Javoy (1975) for a 
crystallisation temperature of 750°C. 
 
mil in the same ore sample. No significant change in 
the oxygen isotope composition of the quartz is 
reported between the lode and the wallrock samples. 
Hydrothermal carbonate minerals show equally a 
narrow and uniform δ18O range, with δ18O values from 
8.9 to 9.9 per mil for ankerite, of 11.7 per mil for 
dolomite and from 7.5 to 9.3 per mil for calcites. Their 
respective δ13C values show a slight decreasing trend 
from stage I to stage III. The δ13C values are between 
-5.6 and -5.2 per mil for early ankerite, then drop to 
-7.6 per mil for dolomite, and finally reach -8.5 to -8.3 
per mil for late calcite. 
IV.6.3 δ18O geothermometry 
Because the 18O/16O hydroxyl-bearing silicate-quartz 
fractionations curves deflect under 500°C significantly 
from a simple 1/T2 function, many muscovite-water 
calibrations, e.g. in Bottinga and Javoy (1973) and in 
O'Neil et al. (1979), are not fitted to assess the 
temperature and the fluid composition of low-tempera-
ture hydrothermal deposits. The most up-to-date and 
appropriate geothermometric calibration for quartz-
muscovite pairs seems to be the combination of the 
temperature-dependent reduced partition function ratios 
or so-called f-values, proposed for both minerals in 
Taylor (1997). The calculations of the equilibrium 
temperatures were undertaken by iteration in order to 
match the subtraction of to the two f-values (fqz-fmu) 
with the measured ∆18Oqz-mu. According to this proce-
dure, the four quartz II-muscovite couples give for both 
granitoid- and slate/hornfels-hosted lodes temperatures 
ranging between 310 and 380°C with an uncertainty of 
±40°C (Table 4 and Fig. 4). Similar temperatures are 
obtained using the theoretical equations of Zheng 
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(1993). These calculated δ18O paleotemperatures are 
fully in agreement with the 295-365°C temperature 
range obtained with the δ34S geothermometers. 
Moreover, the 340°C δ18O temperature obtained on a 
sample coming from a hornfels-hosted lode (YEX 22) 
substantiates the inconsistency of the 230-265°C δ34S 
temperature range. 
IV.6.4 δD and δ18O values of the hydrothermal 
fluid 
In addition to temperature estimates, the measured δD 
and δ18O values of the ore and alteration minerals pro-
vide an indirect evaluation of the isotopic composition 
of the vein-forming fluids. For the further calculations, 
formation temperatures of respectively 330°C for 
quartz I and ankerite (stage I), 330°C for muscovite and 
quartz II (stage II), and 300°C for dolomite and calcite 
(stage III) were selected based on the arsenopyrite, δ34S 
and δ18O geothermometry. 
The following mineral-H2O equations were chosen 
to calculate the δ18O water value (Appendix 1): (1) 
Clayton et al. (1972) for quartz, (2) Mumin et al. (1996) 
for ankerite, (3) Matthews and Katz (1977) for 
dolomite and (4) O'Neil et al. (1969) for calcite. 
Because no published muscovite-water curve is appro-
priate at low temperatures, the ∆18Omu-water fractionation 
at 330°C (+1.3 per mil) was inferred from the sum of 
∆18Omu-qz (-4.6 per mil, obtained by the subtraction of 
the respective f-values; Taylor, 1997), and ∆18Oqz-water
Table 4 - Deuterium, oxygen and carbon isotope data on gangue muscovite, quartz and carbonate minerals from the Pataz gold lodes, 
isotopic compositions of the hydrothermal fluid (H2O, CO2), and oxygen geothermometric results. 
      δD (‰, SMOW)  δ 18O (‰, SMOW)  T (°C) a δ 18O (‰, SMOW)  δ 13C (‰, PDB)  
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 Host-rock: granitoids                    
 YLL 13 La Lima 2 -57  -37 9.3 7.5 10.9     5.0 6.2 4.2   -8.5  -6.5 
 YLL 16 La Lima 2   9.1      5.9   -5.3   -3.1  
 YPP 13 Mercedes -60  -40  9.0     7.7       
 YPP 27 Mercedes   9.1      5.9   -5.4   -3.2  
 YPP 28 Mercedes   8.9      5.7   -5.3   -3.1  
 YPP 29 Mercedes   9.8      6.6   -5.2   -3.0  
 YTN 14A Pencas -39 -19              
 YTN 14D Pencas -51 -31   14.0 13.4   8.1 7.7       
 YTN 14E Pencas -45 -25  9.9     8.6       
 YTN 16 Pencas -57  -37  9.0     7.7       
 YTN 20 Consuelo -47 -27  9.3 14.2 13.7 345 ±35 8.8 8.3       
 YTN 29 Consuelo   11.7        5.6  -7.6   -5.7 
 YEX 21A Picaflor -49 -29              
 YEX 21B Picaflor -51 -31  7.7 10.9 11.7 380 ±40 6.4 7.2       
 YEX 21C Picaflor -46 -26              
 YEX 60 Maria Rosa   9.9      6.7   -5.6   -3.4  
 Host-rock: slates/hornfels                 
 YLL 09B La Lima 2   7.5       2.4   -8.3  -6.3 
 YLL 10 La Lima 2 -54 -34 7.5 7.9 12.8  310 ±30  6.3 2.4   -8.5  -6.5 
 YEX 22 Inca -43 -23  7.3 11.6 11.8 340 ±30 6.0 6.2       
a The oxygen isotope equilibrium temperatures of the muscovite-quartz II pairs have been obtained according to the calibration curves proposed in Taylor 
(1997). The accuracy on the calculated temperatures comprise the analytical uncertainties of twice 0.2 per mil for the δ18O mineral pairs. 
b Hydrogen isotope compositions of water have been estimated assuming a fractionation between muscovite and water of -20‰ at 330°C according to the 
empirical S-shaped reversal curves proposed by Lambert and Epstein (1980). 
c Ankerite crystallized during ore stage I. Dolomite and calcite grew during ore stage III. 
d Oxygen isotope compositions of water have been calculated with the fractionation equation of respectively Clayton et al. (1972) for quartz, Mumin et al. 
(1996) for ankerite, Sheppard and Schwarcz (1970) for dolomite, and O'Neil, et al. (1969) for calcite, taking a temperature, if the equilibrium temperatures 
have not been previously determined by the muscovite-quartz II pairs, of 330°C for stage I and II (ankerite, quartz I and quartz II), and 300°C for stage III 
(dolomite and calcite), respectively. 
e Carbon isotope compositions of the aquous CO2 have been obtained from the calcite and dolomite-CO2 fractionation equations summarized in Ohmoto 
and Goldhaber (1997). Ankerite-CO2 fractionation is assumed to be similar to the dolomite-CO2 fractionation. The δ13CCO2 were calculated taking a 
temperature of 330°C for ankerite and 300°C for dolomite and calcite. 
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Fig. 5 - O, H and C isotope composition of gangue minerals (solid symbols) and of related fluids (empty symbols) of the Pataz gold 
lodes. (a) O and H isotope compositions of gangue minerals compared with the signatures of igneous biotites of the Pataz Batholith. 
The δD/δ18OH2O of the hydrothermal fluid are calculated from muscovite (Table 4) and the δD/δ18OH2O of the magmatic fluid from 
biotite (Table 3). The common compositional ranges are shown for magmatic waters (Taylor, 1974) and for metamorphic waters 
(Taylor, 1974; Sheppard, 1981). The meteoric water line is taken from Epstein (1970). The dashed fields for the different types of 
crustal magmas are proposed by Hedenquist and Lowenstern (1994). (b) Evolution of the oxygen and carbon isotope compositions of 
the hydrothermal fluid equilibrated with the Pataz lode carbonate minerals during the ore-forming event. Stage I fluid signatures are 
inferred from ankerite and stage III fluid signatures from late dolomite and calcite (Table 4). Oxygen and carbon isotope 
compositional ranges are build for both carbonatites, granulite-facies carbonate minerals after Valley (1986) and for marine carbonate 
minerals after Ohmoto and Rye (1979). The dashed field represents the average δ13C and δ18O values of lode gold carbonate minerals 
from Canadian and Australian Archean deposits (McCuaig and Kerrich, 1998). δ13C signatures of mean crustal carbon and of reduced 
carbon in metamorphic and sedimentary rocks are taken from Ohmoto and Rye (1979). 
(+5.9 per mil, calculated with the quartz-water 
calibration of Clayton et al., 1972). For the D/H fractio-
nation, the mineral-water calibrations are also poorly 
known under 400°C. The extrapolations for the 250 to 
400°C interval behave as reversal S-shape curves 
(Lambert and Epstein, 1980) and allow only graphical 
approximations of the fractionation. In this study, a 
∆Dmu-water shift of +20 per mil (at 330°C) was adopted 
to assess the composition of the fluid in equilibrium 
with muscovite. 
The calculated δ18OH2O values of the ore fluid are 
homogeneous for both the first and second stages, thus 
revealing an overall equilibrium in the hydrothermal 
system. In detail, δ18OH2O values range for stage I 
between 5.0 and 8.8 per mil, and for stage II between 
6.2 and 8.6 per mil, with corresponding δDH2O values 
from -40 to -19 per mil for the latter (Fig. 5a). The 
spread of the calculated D/H ratios for the muscovite-
forming waters reflects variable fluid-rock ratios 
according to the sample position along a vein profile. 
These δDH2O values are thus due to both hydrogen 
released from the hydrous minerals from the immediate 
plutonic host rock (δDr = -80 ±20 per mil) and hydro-
gen of the mineralizing fluid, which is approximated at 
best by the less depleted δDH2O values (δDf = -25 ±10 
per mil). During the closing stage (III) of the paragene-
tic sequence, as dolomite and calcite precipitate, the 
 δ18OH2O values of the hydrothermal fluid decrease 
between 2.4 and 5.6 per mil. This 18O shift is 
accompanied by decreasing δ13C values, and is related 
to a change in the nature of the mineralizing fluid. 
The average hydrogen and oxygen isotope compo-
sitions of the hydrothermal fluid, i.e. δDf = -25 ±10 per 
mil and δ18Of = 7 ±2 per mil, are equivocal, as they do 
not allow to discriminate between metamorphic and 
magmatic waters. The strong similarity between these 
values and the Pataz Batholith rock composition, 
underlined in Figure 5a, suggests either that the 
hydrothermal water was derived from the same deep 
crustal reservoir or/and that it strongly interacted with 
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the plutonic wallrocks in a rock-buffered system. The 
overall δ18O and δD homogeneities throughout the 
province tend to support a scenario involving a large-
scale migration of the hydrothermal fluid. 
IV.6.5 δ13C value of the hydrothermal fluid 
The δ13C values of the carbonate minerals are a 
function of the total carbon composition (δ13CΣC) of the 
hydrothermal fluid and of the temperature, pH and 
oxygen fugacity conditions during their precipitation 
(Ohmoto and Rye, 1979; Kontak and Kerrich, 1997). 
According to the fluid inclusion study (see below), the 
volatile CO2 predominates in the ore fluid over the 
other C-components such as CH4. Therefore, the 
δ13CCO2 may be directly used in place of the δ13CΣC to 
estimate the source of the total carbon present in the 
fluid. The δ13CCO2 calculations were undertaken at 
temperatures of 360°C for ankerite, and 300°C for 
dolomite and calcite, using the 13C/12C fractionations 
factors proposed by Ohmoto and Goldhaber (1997; 
Appendix 1). 
The δ13CCO2 values exhibit a decrease of 3 to 4 per 
mil, from values of -3.4 to -3.0 per mil for the CO2 
coexisting with the first stage ankerite, to values of -6.5 
to -5.7 per mil for the CO2 equilibrated with late 
dolomites and calcites (Fig. 5b). The depletion of the 
δ13CCO2 values during fluid cooling coincides with a 18O 
depletion. The cause of these parallel δ13C and δ18O 
variations in the ore-forming fluid may be explained by 
two related processes: the partial change of the source 
area where the carbon species are generated, or as a 
consequence of the increase in the ratio of the oxidized 
to reduced species in the fluid by reactions with 
wallrock or by boiling of fluid (Ohmoto and Goldhaber, 
1997). 
For evaluating a possible carbon reservoir(s), the 
 δ13CΣC values evolving from -3 to -6 per mil, even if 
they are close to the mean crust average composition, 
are not diagnostic of a single origin and indicate a 
mixing of crustal and magmatic components. At the 
early stage of the mineralization, the carbon could be 
incorporated in the hydrothermal fluid, according to 
different scenarios (McCuaig and Kerrich, 1998): (1) 
metamorphic devolatilization of the lower crust, (2) 
incorporation of juvenile CO2 from the mantle, or (3) 
leaching of the plutonic wallrocks along the fluid 
conduit. The negative shift of 3 per mil during the post-
ore stage may reflect the income at the depositional site 
of a slightly modified carbon, introduced by a low-
carbonic dilute fluid of meteoric origin (see below). 
IV.7 Lead isotopes 
In the light of the recent age determinations of the gold 
mineralization and of the Pataz Batholith (Haeberlin et 
al., 2002), we reconsider the bulk lead data presented in 
Macfarlane et al. (1990b), Vidal et al. (1995), and 
Macfarlane (1999), and present complementary results 
for the northern Pataz province ores and the enclosing 
Upper Proterozoic to Carboniferous rock units. For the 
whole rocks, the technique of separate leach/residue 
analyses carried out according to the procedure of 
Chiaradia and Fontboté (2000) gives for acid-to-
intermediate magmatic and metamorphic rocks, more 
substantial insights on the syn- and post-forming rock 
history than the bulk analyses. The residues are 
considered to reflect the lead isotope composition at the 
time of the rock formation without age-correction; the 
leaches record post-formation rock events, in particular 
the in situ decay of U and Th, and the U-Th-Pb isotope 
removal and/or incorporation during fluid circulation 
through the rocks. 
IV.7.1 Results 
Sixteen galenas were separated from lodes enclosed by 
the calc-alkaline batholith and the adjacent hornfels, 
and two from sheared veins hosted by the metamorphic 
basement. Their lead isotope compositions (Table 5) 
  
Table 5 - Lead isotope signatures of galenas from the Pataz gold 
deposits. 
 
 Sample # Vein 206Pb/ 204Pb 207Pb/ 204Pb 208Pb/ 204Pb
 Host rock: granitoids     
 YPP 15 Mercedes 18.416 15.661 38.388
 YTN 04 Pencas 18.426 15.653 38.378
 YTN 06 Pencas 18.412 15.633 38.299
 YTN 09 Pencas 18.393 15.639 38.313
 YTN 14B Pencas 18.384 15.624 38.265
 YTN 19 Consuelo 18.396 15.638 38.347
 YTN 25 Consuelo 18.402 15.642 38.329
 YTN 34 Consuelo 18.407 15.657 38.380
 YEX 24 Picaflor 18.458 15.688 38.501
 YEX 11 Irma 18.428 15.631 38.318
 YEX 12 Irma 18.416 15.659 38.383
 Host-rock: slates/hornfels     
 YEX 01 Nueva Porfia 18.395 15.625 38.275
 YEX 14 Maria Rosa 18.438 15.677 38.449
 YEX 22 Inca 18.448 15.681 38.480
 Host-rock: phyllites     
 YSF 47 Carhuacoto 18.353 15.654 38.359
 YSF 48 Carhuacoto 18.365 15.674 38.426
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show little dispersion and overlap with those of the 
Parcoy ores published by Vidal et al. (1995). In detail, 
the 206Pb/204Pb ratios range between 18.35 and 18.46, 
with slightly less uranogenic values for the ore shoots 
hosted by phyllites (18.35-18.37) than for the lodes 
enclosed in the batholith (18.38-18.46), the 207Pb/204Pb 
ratios range between 15.62 and 15.69, and the 
208Pb/204Pb ratios between 38.26 and 38.50. Taking into 
account the evolution model proposed by Zartman and 
Doe (1981), these Pb galena compositions plot between 
the upper crust and the orogen curves in the uranogenic 
diagram (Fig. 6a), and left to the orogen curve in the 
thorogenic diagram (Fig. 6b). 
Residue and leach lead isotope analyses of different 
rocks from the Pataz Batholith, the underlying poly-
metamorphic basement and the early Paleozoic units 
are reported in Table 6 and shown in Figure 6, in which 
they are compared to the bulk lead compositional fields 
of corresponding rock units analyzed by Macfarlane et 
al. (1990b), Vidal et al. (1995) and Macfarlane (1999), 
and of lower crustal gneiss and granulites of the 
Arequipa-Antofalla terrane (Tilton and Barreiro, 1980). 
Six representative lithologies of the calc-alkaline Pataz 
Batholith were analyzed including late aplite and 
lamprophyre dykes. If we exclude the strongly chlori-
tized lamprophyre, which has substantially higher Pb 
isotope ratios, these residues yield primary clustered 
compositions very close to but slightly more radiogenic 
than the ores. They range from 18.46 to 18.59 for 
206Pb/204Pb, from 15.61 to 15.67 for 207Pb/204Pb, and 
from 38.25 to 38.42 for 208Pb/204Pb. Their correspon-
ding leach fractions, variably more radiogenic, show a 
spread in isotopic compositions with especially high 
208Pb/204Pb ratios, suggesting a more complex behavior 
than just a simple derivation from an in situ decay of U 
and Th (see below). The leach/residue Pb isotope com-
positions of all other rock types, i.e the lamprophyre, 
the phyllites, the slate, and the metadacite, are widely 
scattered and fairly more uranogenic and thorogenic 
than the ore leads. Some of these leaches are shifted too 
less radiogenic values than their corresponding 
residues, indicating isotopic disequilibrium between 
leach and residue fractions. On the other hand, all the 
leaches of the country rocks, and those of the batholith, 
appear, to a certain extent, to define on the thorogenic 
plot (Fig. 6b) a high Th/U array in the continuation of 
the Pb compositional field of both the batholith and the 
ore. 
IV.7.2 Lead source(s) 
The galena lead of the Pataz ores, although having very 
similar lead isotope compositions as the common lead 
of the Pataz Batholith, can not be derived only from the 
later intrusion and be a predominant product of magma-
tic assimilation, as previously proposed by Macfarlane 
et al. (1999). Indeed, the Pb206/Pb204 ratios (18.35-18.46 
at 313 Ma) of the ores are definitively less radiogenic 
than the Pb206/Pb204 ratios (18.46-18.59 at 329 Ma) of 
the granitoids. Thus, the ore lead is considered to be a 
 
Table 6 - Residue/leach lead isotope signatures of the Pataz Batholith calc-alkaline series, the Proterozoic metamorphic rocks and the 
lower Paleozoic volcano-sedimentary units (including litterature data). 
 Sample # Rock / Mineral Geological unit Pb a U b Th b Residue Leach  
    ppm ppm ppm 206Pb/ 204Pb 207Pb/ 204Pb 208Pb/ 204Pb 206Pb/ 204Pb 207Pb/ 204Pb 208Pb/ 204Pb  
 YLL 01 Granodiorite Pataz Batholith 18 1.9 13.5 18.464 15.608 38.246 19.126 15.646 40.144 
 YPP 01 Granodiorite Pataz Batholith 15 1.8 14.7 18.494 15.616 38.270 19.119 15.658 40.447 
 YPP 03 Diorite Pataz Batholith 15 1.2   7.5 18.592 15.636 38.405 19.077 15.665 39.514 
 YSF 19 Aplite dyke Pataz Batholith 34 2.0 16.0 18.492 15.653 38.396 19.917 15.764 40.792 
 YSF 20 Monzogranite Pataz Batholith 24 1.6 12.8 18.539 15.667 38.416 19.273 15.642 40.377 
 YTN 30 Lamprophyre dyke c Pataz Batholith 34 0.4   2.4 19.561 15.692 39.070 19.409 15.764 40.205 
 YSF 15 Micaschist Marañón complex 25 6 7 20.116 15.766 39.615 18.609 15.683 39.037 
 YSF 25 Phyllite Marañón complex 14 15 11 22.842 15.817 39.112 20.507 15.812 39.408 
 YSF 26 Micaschist Marañón complex 19 3 12 18.977 15.671 39.064 18.766 15.611 39.349 
 YSF 13 Sandstone Vijus Formation 40 2 10 18.652 15.690 38.474 18.898 15.693 40.258 
 YPP 24 Metadacite Vijus Formation 48 7 26 18.881 15.704 38.767 19.037 15.694 39.585 
 YSF 03 Slate Contaya Formation 19 4 6 19.315 15.695 38.824 19.078 15.702 39.839 
a Pb contents of the whole rocks were measured by X-Ray fluorescence. 
b U and Th contents of the whole rocks were measured respectively by inductively-coupled plasma mass spectrometry (ICP-MS) for the Pataz Batholith 
samples, and by X-Ray fluorescence for the other samples. 
c This lamprophyre sample is hydrothermally chloritized. 
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mixture of lead from rocks of the calc-alkaline arc 
(possibly including the roots of the Pataz Batholith) and 
an external unradiogenic lead source that could 
correspond to crustal rocks similar to the gneiss of the 
Arequipa-Antofalla terrane (Fig. 6). The fluid flow 
most likely leached a non-negligible amount of lead 
from the lower crust and acquired later most of its lead 
through a strong scavenging of the Carboniferous 
plutonic rocks. The homogeneity of the galena Pb 
isotope ratios over the entire province is the result of a 
large-scale fluid circulation. The small shift in the 
206Pb/204Pb ratio of the galena hosted by the phyllites, 
corroborating a disequilibrium observed in the δ34S of 
the sulfide minerals, probably reflects a local 
interaction with the host rock. 
The consistency of the Pb isotope ratios for the acid-
to-intermediate plutonic residue fractions indicates an 
efficient removal of the radiogenic lead during the 
attack, thus confirming that these compositions are 
close to or identical to the one of the common lead 
incorporated at the time of the rock formation. These 
values are significantly less radiogenic in both conven-
tional plots (Fig. 6) than the bulk rock compositions of 
Vidal et al. (1995) and even than the age-corrected data 
presented in Macfarlane et al. (1999). This observation 
suggests that bulk rock ratios, in case of non-closed 
evolution of the rock system like at Pataz (see below), 
are unsatisfactory for detailed petrogenetic and metallo-
genic studies (Chiaradia and Fontboté, 2000). The Pb 
isotope values of the batholith residues do not plot
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 - Lead isotope compositions of the Pataz ores (Table 5) compared to residue/leach lead signatures of Upper Proterozoic to 
Carboniferous rocks outcropping in the vicinity of the ore deposits (Table 6). The bulk lead fields of the Marañón complex phyllites 
(MC, Macfarlane et al., 1990; Macfarlane et al., 1999) and of the Pataz Batholith granitoids (PB, Vidal et al., 1995; Macfarlane et al., 
1999) are shown with respect to the residue/leach lead data. Bulk lead compositional ranges of the Arequipa-Antofalla craton of 
southern Peru (Tilton and Barreiro, 1980), comprising the Mollendo granulites (MG) and the Charcani gneiss (CG), illustrate possible 
upper crust reservoir(s). The lead evolution curves for the mantle (M), the lower crust (LC), the upper crust (UC), and the orogene 
(O) were drawn according to Zartman and Doe (1981). (a) Pb207/Pb204 vs. Pb206/Pb204 diagram. (b) Pb208/Pb204 vs. Pb206/Pb204 diagram. 
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within the range of the lead province III of Macfarlane 
et al. (1990a), but overlap with the Pb isotope 
compositional field of the province Ic, suggesting a 
probable involvement of a Precambrian basement, like 
the Arequipa-Antofalla terrane in the genesis of the 
Pataz Batholith. A similar conclusion can be proposed 
for the ca 2.0 Ga Nd model ages of the Marañón 
phyllites as presented by Macfarlane (1999). The 
corresponding leach fractions seem at the first glance to 
be derived by a simple in situ decay of U and Th. 
However, the less radiogenic nature of some leaches 
compared to their respective residues, in particular for 
some basement rocks in the area, is not compatible with 
a closed evolution of the rock isotopic system and 
suggests the presence of disequilibrium lead in all these 
samples, due to the incorporation or removal of Pb, U, 
Th during the post-rock formation histories. The 
regression trend defined by these leaches in the 
thorogenic diagram (Fig. 6b) is enriched in thorogenic 
over uranogenic lead (Th/U≈7.2). Such a high Th/U 
ratio implies that fluid circulation has removed selecti-
vely U at the expense of Th or that it has precipitated 
secondary minerals with high Th/U ratios. As the 
prolongation of this array intersects the isotopic fields 
of both the Pataz Batholith and the galenas, the 
introduced lead is presumably related to the intrusion of 
the batholith or the emplacement of the orogenic gold 
lodes, without any possible distinction between the two 
events. Subsequent to the introduction in the country 
rocks of this external lead, U and Th, the latter will start 
to decay. The measured ratios of the leaches will 
therefore be a mixture of common and U/Th decayed 
leads from the magmatic or hydrothermal fluid, that 
have almost swamped the radiogenic lead produced in 
situ before the fluid circulation. 
IV.8 Strontium isotopes 
IV.8.1 Results 
The gangue carbonate minerals were analyzed for 
strontium isotopes and compared to the strontium ratios 
of the granitic pluton and the underlying basement 
rocks. The present-day 87Sr/86Sr values, the age cor-
rected 87Sr/86Srm ratios to the time of the mineralization 
at 313 Ma, and, for the plutonic rocks, the initial 
87Sr/86Sri ratios calculated at the time of the rock 
formation are presented in Table 7 and plotted in Figure 
7. No age correction was necessary for the carbonate 
Table 7 - 87Sr/86Sr ratios of hydrothermal carbonate minerals from the Pataz gold lodes, compared to measured, age-corrected at the 
mineralization time, and initial Sr signatures of the Carboniferous Pataz Batholith and its underlying Proterozoic and lower Paleozoic 
substratum. 
  
 Sample # Mineral / Rock Vein / Geological unit Sr a Rb a Rb/Sr  87Sr/ 86Sr 2σ 87Sr/ 86Srm  b 87Sr/ 86Sri  c 
    ppm ppm  measured at 313 Ma initial  
 YLL 16 Ankerite d La Lima 204 0.2 0.001 0.71459 ± 1
 YPP 27 Ankerite Papagayo 126 0.1 0.001 0.71236 ± 1
 YPP 28 Ankerite Papagayo 107 0.2 0.002 0.71243 ± 1
 YPP 29 Ankerite Papagayo 290 0.5 0.002 0.71428 ± 1
 YEX 60 Ankerite Maria Rosa 256 0.2 0.001 0.70961 ± 1
 YTN 29 Dolomite d Consuelo 148 0.1 0.001 0.70837 ± 1
 YLL 09B Calcite d La Lima 2 113 0.2 0.002 0.71314 ± 1
 YLL 13 Calcite La Lima 2 216 0.2 0.001 0.71036 ± 1
 YLL 01 Granodiorite Pataz Batholith 232 98 0.42 0.71376 ± 1 0.70849 0.70822
 YPP 03 Diorite Pataz Batholith 268 70 0.26 0.71229 ± 1 0.70903 0.70887
 YSF 20 Monzogranite Pataz Batholith 169 128 0.76 0.71778 ± 1 0.70833 0.70784
 YSF 15 Micaschist Marañón complex 44 188 4.27 0.77847 ± 1 0.72483       - 
 YSF 26 Micaschist Marañón complex 50 196 3.92 0.77339 ± 1 0.72420       - 
 YSF 13 Sandstone Vijus Formation 63 130 2.06 0.75099 ± 1 0.72515       - 
 YPP 24 Metadacite Vijus Formation 78 122 1.56 0.72949 ± 1 0.70995       - 
 YSF 03 Slate Contaya Formation 62 192 3.10 0.74899 ± 1 0.71023       - 
a Sr and Rb contents of the minerals and of the whole rocks were measured respectively by AAS and by X-ray fluorescence. 
b 87Sr/86Srm ratios of the whole rocks have been corrected at 313 Ma, the 40Ar/39Ar age of the mineralization. 
c The initial 87Sr/86Sri rock signature was obtained assuming an age of 329 Ma for the Pataz Batholith (Vidal et al., 1995). 
d Ankerite crystallized during ore stage I. Dolomite and calcite grew during ore stage III. 
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minerals as they contain no or negligible Rb concen-
trations with respect to Sr contents. 
In contrast to the narrow range of δ34S, δ18O and 
δ13C values and of the lead isotope compositions, the 
87Sr/86Sr ratios of the eight analyzed carbonate 
separates display a large variation between 0.7084 and 
0.7146. This trend does correlate neither with the Sr 
content in the analyzed samples nor with their chemical 
and isotopic evolutions during the paragenetic history. 
The late veinlets of calcite and dolomite, albeit their 
depletions in 18O and 13C, display the same dispersal in 
the initial strontium composition as the earlier ankerite. 
Present-day whole rock 87Sr/86Sr values range 
between 0.7123 and 0.7178 for the granitoids of the 
Pataz Batholith and are widely scattered between 
0.7295 and 0.7785 for the other rock units of the pre-
Silurian basement. In detail, the two phyllite samples 
from the Marañón complex yield 87Sr/86Sr ratios of 
0.7734 and 0.7785, the sandstone and the metadacite of 
the Vijus Formation of 0.7510 and 0.7295, respectively, 
and the slate of the Contaya Formation of 0.7490. The 
87Sr/86Srm ratios of the country rocks corrected at the 
age of the mineralization occupy separate fields on both 
sides of the measured strontium interval of the carbo-
nate minerals (Fig. 7). The Pataz Batholith granitoids, 
whose initial Sri values (~0.708) indicate an extensive 
incorporation of old continental crust in their petro-
genesis, present a narrow distribution of the 87Sr/86Srm 
(0.7083-0.7090), partly overlapping with the Sr compo-
sition of the least radiogenic carbonate minerals. On the 
other side of the carbonate mineral box, the Marañón 
complex low-grade metamorphic rocks display modera-
te to high radiogenic 87Sr/86Srm values ranging between 
0.7172 and 0.7248, if we include the age-corrected 
values calculated from the data of Macfarlane (1999). 
Lastly, the lithologies of the early Paleozoic volcano-
sedimentary cover provide two Srm ratios (0.7099-
0.7102) that plot slightly above the batholith field, and 
one (0.7252) that is encompassed in the Marañón 
complex compositional range. 
IV.8.2 Strontium source(s) 
The variability of the strontium isotope composition in 
the hydrothermal carbonate minerals reflects either 
mixing of different fluids, or fluid-rock interaction 
processes along the channelways and/or at the site of 
the deposition. The fact that the strontium isotope 
variability exists already in the carbonate minerals of 
stage I, which are characterized by overall homogen-
eous stable isotope compositions, apparently discards 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 - Comparison of the 87Sr/86Sr ratios of gangue carbonate 
minerals from the Pataz lodes with the signatures of the local Sr 
reservoirs, such as the Pataz Batholith and the Marañón complex 
(including data of Macfarlane, 1999). Both their measured 
87Sr/86Sro and their respective corrected 87Sr/86Srm, calculated at 
the age of the mineralization (313 Ma), are plotted (Table 7). 
The 87Sr/86Sr compositions of the gangue carbonate minerals 
reflect a fluid/rock interaction, with the less radiogenic end-
member values equal to the wallrock Sr composition (Pataz 
Batholith), and the more radiogenic values close to the Sr 
signature of the ore fluid (see text). 
the first hypothesis. Similarly, the absence of a correla-
tion between the 87Sr/86Sr and the 1/Sr ratios does not 
favor either a fluid mixing. The relatively elevated 
87Sr/86Sr ratios (~0.708-0.715) of the carbonate mine-
rals of ore stages I to III imply a predominance in the 
Sr budget of sources external to the Pataz Batholith. 
The obtained compositions are thus interpreted as the 
result of the interaction of a hydrothermal fluid carry-
ing radiogenic Sr with batholith rocks containing less 
radiogenic Sr (~0.708), and in particular Sr released 
from the plutonic feldspars during their sericitization. 
The upper 87Sr/86Sr end-member of the carbonate 
minerals (~0.715) is therefore presumably the closest, 
although lower, approximation of the 87Sr/86Sr isotope 
composition of the ore-forming fluid. This 87Sr/86Sr 
estimate suggests combined contributions of local 
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sources with a predominance of radiogenic Sr from the 
Marañón complex, and/or, in undetermined propor-
tions, radiogenic Sr from deep-seated sources, such as 
gneisses and subducted sediments. 
IV.9 Fluid inclusions 
IV.9.1 Fluid inclusion populations 
The analyzed fluid inclusions are trapped within the 
least deformed milky quartz and transparent yellow-
brown sphalerite. Their paragenetic chronology was 
established using the criteria for primary, secondary, 
and pseudosecondary inclusions outlined by Roedder 
(1984). All the studied fluid inclusions are two-phase 
with high liquid to vapor ratios, and range in size from 
2 to 6 µm, exceptionally up to 20 µm. Three fluid 
inclusion populations (Table 8) were recognized on the 
basis of their location, their morphology and their 
chemical composition: 
(1) clusters of irregular H2O-CO2-NaCl±CH4 inclu-
sions occurring only in euhedral quartz, 
(2) ubiquitous tiny spherical H2O-NaCl inclusions 
along trails within milky quartz (type 2A) and in 
clusters or isolated in sphalerite (type 2B), 
(3) large polygonal H2O-NaCl-CaCl2 inclusions 
aligned along 10- to 40-µm-wide ribbons cross-
cutting quartz (type 3A) and sphalerite (type 
3B) grains. 
In many aspects, these three families are comparable 
to the assemblages documented in Schreiber (1989) and 
Schreiber et al. (1990). There are, however, two 
substantial discrepancies: (1) the presence of an early 
carbonic fluid, a phase which was not previously 
described, and (2) the lack of strong evidences for the 
entrapment of KCl salts in the analyzed plates. The 
fluid inclusion petrography indicates that the first two 
populations are related to the hydrothermal activity 
associated with the gold event, while the third is 
posterior. 
The aqueo-carbonic inclusions of population 1 are 
volumetrically liquid-dominant inclusions that contain, 
owing to their small size, no visible, separate CO2 
vapor and liquid at room temperature. They occur as 
clusters and, to a minor extent, as trails in undeformed 
quartz samples. These trails do not cut the quartz 
boundaries, and therefore, are interpreted as pseudose-
condary fluid inclusions. Because similar inclusions are 
not found within sphalerite, population 1 inclusions are 
presumably trapped prior to the second ore stage. Their 
pseudosecondary origin suggests that most of them are 
closely related to the formation of early milky quartz, 
and possibly ankerite. The paragenetic relationship 
between these inclusions and the first-stage sulfides, in 
particular pyrite and arsenopyrite, is uncertain. 
Population 2 fluid inclusions are the most common 
inclusions observed in the studied plates. They are 
aqueous, two-phase, and display high vapor to liquid 
ratios (0.95-0.99). As already observed by Schreiber et 
al. (1990), population 2A trapped in quartz occupy 
trails that cut the grain boundaries, indicating that they 
are secondary. In the sphalerite, the aqueous inclusions 
(type 2B) occur as clusters of possibly primary origin.
Table 8 - Summary table of the descriptive properties and thermometric measurements of the three fluid inclusion populations 
identified in milky quartz and transparent yellow-brown sphalerites. 
Pop. Composition  Fluid inclusion description Microthermometric data  
# Host Location Morphology Size (∅) N VL/VT a Freezing T Homog. T Salinities  
 Ore fluids        
 1 H2O-CO2-NaCl 
±CH4 
quartz  in small clusters 
within grains 
irregular FI 1-4 µm 17 0.92-0.97 5.6 to 9.5°C 185-279°C 1.0 to 8.0 
wt % NaCl equiv.
 
 2A H2O-NaCl quartz ubiquitous, along 
trails 
tiny rounded FI 1-5 µm 23 0.95-0.98 -10.7 to -2.8°C 147-258°C 4.6 to 14.7 
wt % NaCl equiv.
 
 2B H2O-NaCl sphalerite often isolated, 
locally clusters 
elliptical FI 2-8 µm 15 0.95-0.99 -11.2 to -2.8°C 142-268°C 4.6 to 15.2 
wt % NaCl equiv.
 
  Post-ore fluids           
 3A H2O-NaCl-CaCl2 quartz along crosscutting 
ribbons 
polygonal FI 2-12 µm 13 0.92-0.99 -20.2 to -7.6°C 103-157°C 11.2 to 23.3 
wt % NaCl equiv.
 
 3B H2O-NaCl-CaCl2 sphalerite along crosscutting 
ribbons 
diamond-shaped 
FI 
2-15 µm 11 0.98-0.99 -21.6 to -9.3°C 93-152°C 13.2 to 23.8 
wt % NaCl equiv.
 
a VL/VT: liquid to vapor ratios of the two-phase inclusions at room temperature. 
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These petrographic observations constrain accurately 
the timing of the H2O-NaCl population, since it post-
dates quartz deposition, and is broadly coeval with 
sphalerite precipitation. This suggests that these aque-
ous inclusions contain the fluid(s) involved during the 
first and second-stage sulfide precipitation, and the 
spatially associated gold deposition. 
Crosscutting relationships indicate that the third 
population post-dates the ore stages, and is coeval with 
the carbonate stage (III) or a later event unrelated to the 
mineralization. These inclusions are as much as 20 µm 
in diameter, are characterized by variable liquid to va-
por ratios (0.85-0.95), and contain carbonate daughter 
crystals. They occur as ribbons of polygons in quartz, 
and of diamonds in sphalerite. They are identical to the 
post-sulfide inclusion assemblages observed by 
Schreiber (1989) and Schreiber et al. (1990). 
IV.9.2 Microthermometric properties 
Microthermometric measurements were performed on 
small groups or trails of fluid inclusions, which have 
constant liquid to vapor ratios. The fluid inclusion 
groups with variable liquid to vapor ratios or dispersed 
homogenization temperatures were discarded to avoid 
the analysis of inclusions, which have experienced 
leakage or decrepitation. From the obtained data, one 
representative measure per trail or group is presented in 
Table 8, and plotted in Figure 8. Salinity estimates were 
calculated with the equations summarized in Diamond 
(1992) for the H2O-CO2-NaCl±CH4 system, and the 
equation of Bodnar and Vityk (1995) for the H2O-
NaCl-(CaCl2) systems. The salinity fields and the total 
homogenization temperatures for the three observed 
populations are shown in Figure 9. 
Aqueo-carbonic inclusions of population 1 are 
characterized by the presence of a clathrate, which 
melts between 5.6 and 9.5°C. Due to the small size of 
the inclusions, it was not possible to determine the 
eutectic and the CO2 homogenization temperatures. The 
non-observation of separate vapor and liquid CO2-
phases is indicative of a low density of the CO2 phase. 
Laser Raman study confirmed the low content of CO2, 
and detected CH4 in minor quantities in all the 
measured inclusions, a phase that was not observed in 
microthermometry. The analyses indicated also the 
presence of trace amounts of N2 and C2H6 in some 
inclusions. This complex composition and the non-
determination of the CO2 homogenization temperature 
make the bulk salinity estimates difficult. Assuming 
that four phases are present at room temperature, the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 - Frequency diagram of the total homogenization 
temperatures (TH) of three observed fluid inclusion populations. 
Measurements were performed on milky quartz and transparent 
yellow-brown sphalerite. 
approximations of the salinity estimates range between 
1.0 and 8.0 wt percent NaCl equiv. using the equation 
of Diamond (1992) based on clathrate melting. Total 
homogenization to a liquid phase occurred at tempera-
tures ranging between 185 and 279°C. 
Secondary aqueous inclusions trapped in milky 
quartz (type 2A) and pseudosecondary aqueous 
inclusions trapped in sphalerite (type 2B) have broadly 
similar microthermometric properties. Both types yield 
significant variations in their melting and homogeni-
zation temperatures. According to the few eutectic 
temperatures measured (ca. -23.0°C), NaCl is the main 
salt in the solution. Salinity estimates, determined from 
ice melting temperatures ranging between -11.2 and 
-2.8°C, display a mixing trend from a relatively saline 
end-member (15.2 wt % NaCl equiv.) to a low-salinity 
one (4.6 wt % NaCl equiv., Fig. 9). Homogenization to 
the liquid phase occurs between 142 and 268°C, with a 
higher median temperature for type 2A (199.5°C) than 
type 2B (162.5°C) inclusions. In the TH vs. NaCl plot 
(Fig. 9), there is a clear positive correlation between the
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Fig. 9 - Microthermometric properties of the three identified fluid inclusion populations in a total homogenization temperature (TH) 
vs. salinity diagram. Measurements were performed on milky quartz and transparent yellow-brown sphalerite. For interpretation, see 
text. 
salinity estimates and the homogenization tempera-
tures, suggesting, as it will be expanded below, a 
mixing between a hot brine and a colder dilute fluid. 
Raman analyses have not revealed the presence of any 
dissolved gas, such as CO2 and CH4, in the studied 
inclusions. 
Fluid inclusions of the post-ore population 3 are 
characterized by moderate to high salinities, and 
relatively low homogenization temperatures, which, 
together, differentiate them from the inclusions of the 
second population (Figs 8 and 9). Type 3A and 3B 
inclusions in milky quartz and sphalerite, respectively, 
share the same microthermometric properties. Their 
eutectic temperatures fall between -44.0 and -22.5°C, 
suggesting that NaCl and CaCl2 are the dominant 
dissolved salts. The NaCl equivalent salinities, deduced 
from melting temperatures comprised between -7.6 and 
-21.6°C, range from 11.2 to 23.8 wt percent. When no 
decrepitation problem is encountered, these brines 
homogenize by disappearance of the vapor bubble at 
temperatures between 93 and 152°C.  
IV.9.3 Isochores and pressure estimates 
Pressure estimates can be obtained from isochore 
reconstructions on the basis of salinities and homoge-
nization temperatures of the fluid inclusions, as far as 
independent trapping temperatures are known. The 
temperature conditions were assessed thanks to cationic 
arsenopyrite and sulfur isotope geothermometry. In the 
P-T modeling (Fig. 10), a maximal temperature of 
420°C, and a temperature window between 290 and 
370°C were used for fluid inclusion population 1 and 
2B, respectively. Isochores were calculated for popula-
tion 1 (H2O-CO2-NaCl±CH4 system) with the equation 
of state from Brown and Lamb (1989), ignoring the 
CH4 content in the fluid, and for population 2 (H2O-
NaCl system) with the equation of state from Bodnar 
and Vityk (1995). For the first system, the calculations 
are based upon a specific CO2 density of 0.75 gcm-3 (in 
absence of CO2 homogenization temperatures), and 
CO2 volume fractions graphically deduced from P-X 
graphs. Calculations were done with the MacFlincor
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Fig. 10 - Isochore plots and pressure estimates for the pre- to syn-ore fluid inclusion populations. Isochores have been calculated 
using the equations of state from Brown and Lamb (1989) for population 1 (H2O-CO2-NaCl±CH4 system), ignoring the CH4 content, 
and from Bodnar and Vityk (1995) for population 2 (H2O-NaCl system). For pressure estimates, trapping temperatures are <420°C 
for population 1, and range between 290 and 380°C for population 2B. For detailed explanations, see text. 
software of Brown and Hagemann (1995). 
The H2O-CO2-NaCl isochores, based upon the 
above simplifications, yield for quartz deposition 
relatively high-pressure conditions in the range 2.9-5.6 
kbar (Fig. 10), indicating that the first stage of the vein 
emplacement occurred at crustal levels. Assuming a 
lithostatic regime and a crustal density of 2.7 gcm-3, we 
obtain formation depths between 10.8 and 21.3 km. 
Given the difficulties in accurately constraining the 
fluid system, these values should be viewed as semi-
quantitative data, as they may overestimate the actual 
trapping pressures and depths. 
As predicted by the variations in the salinities and 
homogenization temperatures, there is a wide range in 
the isochores reconstructed from the H2O-NaCl fluid 
system. Most of the aqueous inclusions in sphalerite 
(type 2B) were trapped at pressure conditions of 2.1 to 
4.5 kbar, but some yielded pressure estimates lower 
than 1 kbar (Fig. 10). The uppermost pressures 
probably represent lithostatic pressures indicative of 
relatively deep structural levels (7.8 to 17.0 km), while 
the lower values likely reflect fluid entrapment at 
shallower levels (3.9 km) in a dominantly hydrostatic 
regime. Type 2A inclusions in quartz provide a 
trapping pressure of 5.3 kbar at 420°C as maximum 
estimate for the conditions prevailing during the first 
ore stage after quartz deposition. 
Overall, the isochore results indicate that, between 
quartz deposition (early stage I) and sphalerite 
precipitation (auriferous stage II), the veins followed a 
decompression path, in which the pressure decreased 
from about 5 kbar to less than 1 kbar while the 
temperature dropped from about 400°C to less than 
300°C (Fig. 10). This P-T evolution can be explained in 
terms of depth changes in relation to a rapid uplift of 
the host units (from 16±5 km to ca. 5-10 km), and 
continuous cooling of the hydrothermal system. This 
uplift tectonics is recorded by an emersion gap in the 
lower Pennsylvanian sequences of the northern Peru-
vian Eastern Cordillera (chapter I). 
In addition to decompression and cooling of the 
hydrothermal system, it is necessary to invoke other 
 127 
 
processes for explaining the wide range in the fluid 
inclusion homogenization temperatures and corres-
ponding isochores during the second ore stage. In a 
tectonically controlled setting, there are several 
mechanisms that could enhance the changes in pressure 
and temperature (Fig. 10): (1) the fluctuations between 
lithostatic and hydrostatic conditions, (2) a temperature 
decrease due to the infiltration of shallower fluids, and 
(3) a post-entrapment re-equilibration of fluid inclu-
sions trapped during a nearly isothermal decompression 
(Vityk and Bodnar, 1998). At Pataz, the three processes 
seem to operate jointly. Support to the pressure 
fluctuations is provided by the pulsating character of 
the system, deduced from the brecciated and laminated 
nature of the mineralized veins. The second process is 
in line with the fluid mixing model that was built upon 
the broad variations in the salt contents of the H2O-
NaCl fluid inclusions. Finally, the scenario involving 
re-equilibration of fluid inclusions is consistent with the 
observation that, in a few samples, neighboring 
inclusions within the same trail display very different 
homogenization temperatures. 
IV.10 Synthesis of the results 
IV.10.1 Isotopic tracing of the hydrothermal 
system ingredients 
Unifying the preliminary interpretations presented 
individually for the stable and radiogenic isotope data 
set, two general trends can be drawn to portray the fluid 
flow involved in the generation of the Pataz orogenic 
gold lodes. First, the narrow range of the isotopic 
compositions for most tracers suggest a large-scale 
fluid circulation through sizeable reservoirs; second, 
the ultimate fluid and metal source(s) are in part hidden 
by the strong interactions along the conduit rocks and 
with the plutonic host. In the below paragraphs, we will 
present in detail how the ingredients of the mineral 
system, i.e. the trap site, the pathways, and the fluid 
source(s) are expressed in our data. 
With regards to the isotopic patterns, two behaviors, 
at a first glance conflicting, are reported: tight clusters 
in the C, O, S and Pb isotope compositions of the ore, 
gangue and alteration minerals, and broader ranges in 
the δD values and 87Sr/86Sr ratios. The spreads observed 
for the last two tracers are probably due to the 
combined effects of highly variable fluid-rock ratios at 
the depositional site and significant differences 
between the H and Sr isotope compositions of the 
hydrothermal fluid and the ones of the immediate 
plutonic host rock. Support to variable fluid-rock 
exchanges along a vein profile is given by the spatial 
correlation between the measured δD values and 
87Sr/86Sr ratios and the sample position, with, as 
expected, isotopic ratios approaching equilibrium with 
the host rock compositions when going towards the 
vein margin. The closest estimate of the isotopic 
compositions of the fluid has been calculated with data 
from the vein core, and present an overall uniformity at 
the province scale. This homogeneity, irrespective of 
the lithology and the structural level, argues for a 
regional fluid flow at the scales of several tens to 
hundreds of kilometers laterally, and of several 
kilometers vertically. Other arguments suggesting such 
a large-scale hydrothermal system are the uniformity in 
the ore and alteration mineralogy, and the consistency 
in the vein styles and orientations. In term of fluid 
sources, the calculated fluid compositions (Table 9) are 
nondiagnostic, since they overlap with the compos-
itional fields of the Pataz Batholith and its deep-seated 
source rocks (δD, δ13C, δ18O, δ34S, Pb ratios), and the 
Marañón complex metamorphic series (δD, δ13C, δ18O, 
87Sr/86Sr). In fact, the isotopic values reveal rather 
mixture of the different rock types from the lithological 
pile than derivation from a single source rock. Hence, 
as stated in McCuaig and Kerrich (1998) and Ridley 
and Diamond (2000), the stable and radiogenic isotope 
tracers used in this study are records of the fluid-rock 
interactions taking place along the pathways. 
The record of the conduits and host rocks in our data 
mask the original source(s) of metals and fluids. Lead 
isotopes, and to a certain extent strontium and carbon 
isotopes are the only monitors that slightly depart from 
the overall regional picture. The homogeneous Pb 
isotope ore compositions, as they are less radiogenic 
than the ones of all the country rocks, reveal a 
substantial metal input external to the high-level pluton, 
and remote from the depositional environment. As the 
lead isotope data fall between the orogene and the 
lower crust curves defined by Zartman and Doe (1981) 
in the 208Pb/204Pb vs. 206Pb/204Pb diagram, the origin of 
this exotic lead component and possibly part of the 
gold, considering the intimate textural relation between 
galena and gold, has to be sought in lower crustal 
rocks. In a similar way, the radiogenic 87Sr/86Sr ratios 
of the hydrothermal fluid, of at least 0.715, reveals an 
exotic source of components in the system. Likely sour-
ces of strontium are the Precambrian basement rocks of 
the area or/and an ultimate crustal source such as 
gneisses or subducted sediments. A similar ambiguity 
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can be raised for the δ13C values, which trace the fluid 
flows through metamorphic or/and magmatic rocks. 
IV.10.2 Evolution of the hydrothermal system 
The fluid inclusion microthermometry reveals that 
multiple fluid inputs and circulation systems were 
involved in the formation of the Pataz lode-gold 
deposits. Three chemically different fluids are 
distinguished through the ore sequence: an early hot 
H2O-CO2-NaCl±CH4 fluid broadly coeval with quartz 
formation, a hot and moderately saline H2O-NaCl fluid, 
and a low-temperature and dilute H2O-NaCl fluid. The 
last two fluids are interpreted to be related to the ore 
stages and to correspond to end-members of population 
2 inclusions in a fluid mixing model. The same 
chronology of events has been found in all the studied 
lodes revealing an extended and unique fluid history at 
the province scale, in parallel to the homogeneity in 
isotopic data and paragenetic observations. 
The low-salinity, mixed aqueous carbonic inclusions 
described here share many common microthermometric 
features with the aqueo-carbonic fluids reported in a 
large number of orogenic gold deposits. A significant 
difference lies, however, in the timing of the fluid 
entrapment at Pataz compared to the syn-gold 
relationships invoked in most of the studies (Ridley and 
Diamond, 2000). On the basis of petrographic observa-
tions, the CO2-bearing fluid is related, at Pataz, to the 
deposition of the first-stage milky quartz and the 
spatially associated ankerite. It is unclear whether this 
fluid is equally involved in the formation of the first-
stage pyrite and arsenopyrite, but it can be assessed that 
it is no longer present during the precipitation of the 
second-stage and gold-related sphalerite. These obser-
vations suggest that the requisite conditions for gold 
precipitation were not reached during the circulation of 
the CO2-bearing fluid or that the later fluid was not the 
gold-transporting fluid. With both interpretations, 
analogies can be drawn with the Variscan orogenic 
gold deposits, on which several fluid inclusion studies 
have demonstrated that the carbonic fluids pre-date the 
gold stage (Boiron et al., 1996; Bouchot et al., 1997; 
Boiron et al., 2001; Vallance, 2001). 
The aqueous saline inclusions represent younger 
fluids that, on the basis of petrographic criteria, are 
synchronous with the sulfide stages, and have not 
coexisted with the former aqueo-carbonic fluids. The 
positive and strong correlation these inclusions display 
between their homogenization temperatures and their 
salinities (Fig. 9), is suggestive of a mixing trend 
between a relatively hot fluid with 15 wt. % NaCl 
equiv. and a low-temperature one with 5 wt. % NaCl 
equiv. The most likely explanation for this mixing is 
that, following the aqueo-carbonic fluid circulation, 
moderately saline waters percolated in the quartz lodes 
during the pyrite-arsenopyrite stage, and were progres-
sively diluted and cooled by low-temperature, dilute 
waters during the polymetallic gold stage. Comparable 
aqueous fluid inclusions, showing broad variations in 
their salinities and homogenization temperatures, and 
intimately related to the gold stage, are reported in
Table 9 - Recapitulative table with the physico-chemical properties and isotopic compositions of the hydrothermal fluids involved in 
the ore stages. The arrows indicate the most likely processes that may account for the observed changes in fluid chemistry. 
PVTX Stage I (quartz) Stage I (Fe-As) Stage II (Pb-Zn-Au) Method  
 Temperature   290-370 ±70°C  δ34S geothermometry (sulfide minerals)  
   310-380 ±40°C  δ18O geothermometry (muscovite-fine grained quartz)  
   <420°C <360°C As at. percent in arsenopyrite  
 Fluid chemistry H2O-CO2-NaCl±CH4 H2O-NaCl H2O-NaCl fluid inclusion microthermometry  
 Salinity 1-8 wt % NaCl equiv. ≤15 wt % NaCl equiv. ≥5 wt % NaCl equiv. clathrate/ice melting temperatures  
Pressure 2.85-5.64 kbar ≤5.30 kbar 0.39-4.49 kbar isochore reconstructions  
pH  5.0-5.5 5.0-5.5 alteration assemblages (Mickuki and Ridley, 1993)  
Sulfur activity (log aS2)  -7 ±1 -10 ±1 sulfide mineral stabilities (Vaughan and Craig, 1997)  
 Stable isotopes      
  δD fluid   -25 ±10‰ δD (muscovite)  
  δ18O fluid 7 ±2‰   7 ±2‰ δ18O (ankerite-quartz-muscovite)  
  δ13CΣC -3 ±1‰   δ13C (ankerite)  
  δ34SΣS   2 ±2‰  2 ±2‰ δ34S (sulfide minerals)  
                
   intense fluid/rock 
interaction ? 
dilution by 
fluid mixing 
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several studies of Variscan deposits in the French 
Massif Central, the Asturian-Leonese Zone and 
Bohemia (Boiron et al., 1996; Bouchot et al., 1997; 
Vallance, 2001; Boiron et al., 2001). 
A comprehensive scenario for the origin of the ore-
related fluids and their migration is presented in Figure 
11. The ultimate fluid sources are particularly difficult 
to assess, because most of the isotopic data for the 
minerals related to the fluids are non-diagnostic or 
record the strong interaction with the wallrock during 
fluid migration rather than the primary fluid reservoir. 
As a result, several possible sources and fluid paths 
may account for the observed fluid compositions. 
The low-salinity and aqueo-carbonic nature of the 
early fluids is difficult to explain with an unmodified 
primary fluid source alone. If we concede that part of 
the elements could be added or removed along the flow 
path, this hot CO2-bearing fluid may derive via 
magmatic fluid evolution just as well as metamorphic 
devolatilization (Ridley and Diamond, 2000). The only 
clear constraints available on the source are the lead 
isotope results, that argue for a lower crustal 
contribution, and the over 160-km-long size of the 
auriferous belt, that rules out the involvement of a too 
local process, such as a single hidden intrusion. 
The transition from a low-salinity, aqueo-carbonic 
fluid, presumably deep-sourced, to a moderately saline 
CO2-free fluid, appears to be temporally related with 
the beginning of sulfide deposition. However, it is 
unclear whether the CO2 loss and the concomitant salt 
enrichment simply result from a progressive evolution 
of the early carbonic fluid or reflect the influx of a 
second and different fluid in the hydrothermal system. 
Possible explanations for the first scenario include a 
sequential release of a magmatic fluid (Baker and Lang, 
2001), the loss of the volatile phases after a pressure 
drop, and intense fluid-rock interaction with the 
wallrocks. If the aqueo-carbonic fluid is not a precursor 
of the saline fluid, other processes may be invoked for 
the moderate to high chlorine contents, such as a 
discrete orthomagmatic release (e.g., Bottrell and 
Yardley, 1988), rehydration reactions during retrograde 
metamorphism (Crawford et al., 1979; Bennett and 
Barker, 1992), and leaching of proximal evaporitic 
units. Among the proposed hypotheses, the fluid-rock 
interaction model is of special interest, because this 
scenario is in line with the observed alteration patterns. 
The sericitization and carbonitization of granitic 
wallrocks, by consuming water and carbon dioxide of 
the early aqueo-carbonic fluid, can easily produce 
saline fluids of the correct composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 - Schematic cross section of the Eastern Cordillera, 
illustrating the fluid flows, pathways and metal reservoirs 
involved in the genesis of the Pataz gold lodes. Hot mixed 
aqueous carbonic fluids are believed to originate from the lower 
crust, and to migrate upwards along lithospheric lineaments. At 
a depth of 16 ±5 km, these fluids deposited quartz and ankerite 
in low-order reverse and extensional fractures bordering the 
batholith. Moderately saline CO2-free fluids followed the 
aqueous carbonic fluids, and mineralized the quartz lodes with 
pyrite and arsenopyrite (stage I). Gold trapping (stage II) within 
the sulfide-quartz lodes resulted from dilution and cooling of the 
deep-sourced saline fluids by downgoing surface-derived 
waters, that infiltrated the system following the uplift of the host 
units to shallower levels. 
The gradual change in the nature of the ore-related 
fluid from hot brine to an aqueous low-temperature 
fluid can be explained by the incursion of dilute and 
surface-derived waters in the hydrothermal system (Fig. 
11). The income of these shallower waters suggests a 
major change in the tectonic conditions, which allowed 
the connection between deep-seated fluid reservoirs 
and up to then isolated, surficial fluid cells. These 
changes are probably linked to the transition from a 
dominantly lithostatic to a partially hydrostatic pressure 
regime, which result from the uplift of the host units to 
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shallower levels. At the vein scale, the influx of dilute 
fluids seems to coincide with the late microfracturation 
stages that opened cracks within pyrite, arsenopyrite 
and milky quartz grains, and with their filling with the 
sphalerite-galena-gold assemblage. 
In this fluid history, the highly saline H2O-NaCl-
CaCl2 fluids represent younger fluids that infiltrated the 
auriferous lodes during the carbonate stage or a later 
event unrelated to the mineralization. At Pataz, their 
origin remains equivocal, and multiple scenarios may 
be invoked, such as a deep infiltration of meteoric 
waters, shield brine circulation, or magmatic dewa-
tering in relation to the emplacement of Cretaceous 
porphyry plugs. Similar Ca and Na-rich brines are 
present in a large number of orogenic gold deposits 
(e.g., Moritz and Chevé, 1992; Boullier et al., 1998), 
and are considered as late superficial fluids strongly 
interacting with the rocks along their pathways. 
IV.10.3 Gold precipitation mechanisms 
Modeling the conditions of formation of the Pataz 
deposits was carried out on the basis of the ore and 
alteration mineralogies, the sulfur and oxygen isotope 
temperatures, the cationic arsenopyrite temperatures, 
the fluid inclusion chemistry and the pressure estimates 
from isochores. All the PVTX properties calculated or 
inferred for the mineralization, and in particular, for the 
gold stage are summarized in Table 9. Favorable 
physicochemical conditions are not sufficient for 
accumulating gold in a lode deposit. As suggested by 
Hagemann and Cassidy (2000), only the conjunction of 
the various chemical and physical processes with ade-
quate structural traps can enhance gold precipitation. At 
Pataz, such interplay is illustrated by the intimate 
textural relationships between gold, electrum, Pb-Zn-
bearing sulfides and microcracks. 
Temperature and pressure estimates 
The temperatures of the successive paragenetic stages 
were estimated thanks to the arsenopyrite and the δ34S 
and δ18O geothermometers (Table 9). While the second 
ore stage is fairly constrained in terms of temperatures 
with three independent methods yielding reproducible 
results ranging between 290 and 380°C, accurate 
geothermometric determinations are missing for stage I, 
and only a maximum formation temperature of 420°C 
was determined, suggesting nevertheless that the ther-
mal conditions are fairly similar for both paragenetic 
stages. The range in the obtained temperatures probably 
reflects the cooling processes taking place during 
sulfide precipitation. In the modeling, the average value 
of 330 ±50°C will be used for the gold stage. 
Based upon the former temperatures, the isochore 
reconstructions from the fluid inclusion data provided 
broad estimates for the trapping pressures (Table 9). 
The estimated pressures range between 2.9 to 5.6 kbar 
during quartz deposition (early stage I). During the 
second-ore stage, they dropped from about 5 kbar to 
less than 1 kbar, reflecting both decompression linked 
to uplift, and the probable transition from a pure 
lithostatic to a dominantly hydrostatic pressure regime. 
For the pressure conditions prevailing during gold 
precipitation, the average value of 2 kbar will be used 
in the PVTX diagrams. 
Chemistry of the ore fluids 
The fluid inclusion results show that the chemical 
composition of the fluid involved in the gold 
precipitation derives from a mixture of hot brines and 
low-temperature dilute waters. The result is an aqueous 
fluid with salinities progressively decreasing during 
sulfide precipitation from 15 to 5 wt percent NaCl 
equiv. (Table 9). Major molecular compounds in the 
hydrothermal cell are thus H2O, Na, Cl, and minor K. 
On the basis of the fluid inclusion results, there is no 
CO2 or other carbon species present in the fluid 
circulating during the polymetallic gold stage. 
The pH conditions of the aqueous fluid can be 
estimated on account of cation-exchange reactions 
between the silicate alteration phases and fluid 
salinities (Mikucki and Ridley, 1993). Considering the 
textural evidences showing that muscovite, the main 
alteration mineral, locally pseudomorphoses magmatic 
albite and K-feldspar, the cation speciation in the ore 
fluid is interpreted as lying close to the triple point K-
mica-albite-K-feldspar in the Na-K aluminosilicate 
stability diagram (Cassidy and Bennett, 1993). Under 
these nearly equilibrium conditions, temperatures of ca. 
330°C, and ore fluid salinities around 8 wt percent 
NaCl equiv., pH values between 5.0 and 5.5 can be 
assumed for the aqueous fluid involved the generation 
of Pataz lodes, based on earlier pH calculations carried 
out for comparable “mid-greenschist” orogenic gold 
deposits in the Yilgarn craton (e.g., Phillips, 1986; 
Cassidy and Bennett, 1993; Mikucki and Ridley, 1993). 
The abundance of sulfide minerals together with the 
absence of sulfate minerals and oxides in the quartz 
lodes are indicative of a relatively reduced and sulfur-
rich hydrothermal environment. For the sulfur activity, 
accurate estimates, listed in Table 9, can be inferred 
from the sulfide mineral stabilities in the iron-arsenic-
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sulfur system. According to the phase equilibria 
diagrams presented in Vaughan and Craig (1997), the 
pyrite and arsenopyrite phases coexisting during the 
first ore stage formed at a rather high activity of S2. The 
shift to a pyrrhotite-pyrite-arsenopyrite paragenesis 
during the auriferous stage II corresponds to a decrease 
in the sulfur activity by two to three orders of 
magnitude. 
Gold precipitation mechanisms 
The mechanisms of gold transport and deposition have 
been reviewed by several authors (Seward, 1984, 1991; 
Schenberger and Barnes, 1989; Hayashi and Ohmoto, 
1991; Mikucki and Ridley, 1993; Benning and Seward, 
1996; Mikucki, 1998). There are still few experimental 
studies on the precipitation of gold at high temperatures 
and pressures (>300°C and >1 kbar), and generally 
solubilities of gold complex at these conditions are 
extrapolated with considerable uncertainties from 
thermodynamic data obtained at low temperatures and 
pressures. Based on data from the above authors 
(Seward, 1984, 1991; Schenberger and Barnes, 1989; 
Mikucki, 1998), the predominant gold-carrying 
complex in the hydrothermal fluid at a temperature of 
330°C, a pressure of 2 kbar, and a near neutral, sulfur-
rich solution (Table 9) is Au(HS)2-. Gold transport as a 
chloride complex, mainly AuCl2-, is generally conside-
red as unlikely under the aforementioned neutral pH 
values, and high sulfur activity (Hayashi and Ohmoto, 
1991). 
If gold is dominantly transported as thiosulfides, the 
depositional mechanism that is the most efficient over 
the established P-T, pH, and Eh conditions is the 
destabilization of the Au(HS)2- complex by a decrease 
in the activity of reduced sulfur. At Pataz, such a 
gradient is recorded by the changes in the ore sulfide 
mineralogy. The reduction of sulfide species in solution 
is accomplished by the joint effects of the income of a 
low-temperature dilute fluid in the system and the 
precipitation of sulfide minerals. Fluid dilution coupled 
to cooling appears thus as the driving process that has 
initiated two related chemical reactions: (1) the drastic 
reduction of the chlorine content, the main metal 
carrier, destabilizes the metallic cations in solution, 
resulting in the precipitation of Pb-Zn-Cu-bearing 
sulfide minerals, and thus in a substantial consumption 
of dissolved sulfide species; (2) the sulfur consumption 
produces the disequilibrium and dissociation of the 
Au(HS)2- complex, and thus its deposition as native 
gold and electrum. An alternate solution with the same 
effects is the wallrock sulfidation model, initially 
proposed by Phillips and Groves (1983) and later 
corroborated by Neall and Phillips (1987), Mikucki 
(1998) and McCuaig and Kerrich, (1998), a scenario, 
which involves coupled reactions between S-rich ore 
fluids and Fe-bearing host rocks. However, this 
precipitation mechanism is, in the studied deposits, not 
consistent with the late timing of gold in the 
paragenetic sequence, and the Fe-poor composition of 
most of the host rocks. In a sulfide-rich environment, 
like at Pataz, another process that could be favorable to 
gold trapping is electrodeposition (Möller, 1993). In 
this case, the gold complexes in the hydrothermal fluid 
are destabilized by electron exchanges, and deposit 
preferentially on the surfaces of cracked pyrite and 
arsenopyrite grains. 
IV.10.4 A preliminary tectono-genetic model for 
the Pataz gold deposits 
In the past twenty years, conflicting genetic models 
have been elaborated for explaining the ultimate origin 
of the gold-bearing fluid(s) involved in the orogenic 
gold deposits. Five main models have been proposed 
(reviews in McCuaig and Kerrich, 1998; Ridley and 
Diamond, 2000): (1) devolatilization during prograde 
metamorphism (Kerrich and Fyfe, 1981), (2) late 
derivation from felsic intrusions (e.g., Burrows, 1986), 
(3) mantle degassing, inducing granulite facies 
metamorphism in the lower crust (Cameron, 1988; 
Colvine, 1988; Fyon et al., 1988), (4) fluid release from 
lamprophyres (Rock et al., 1989), and (5) meteoric 
waters that have circulated at great crustal depths 
(Nesbitt et al., 1989). The later model, based mainly on 
δD analyses of fluid inclusions, is apparently not 
satisfactory, since it has been shown that, in the studied 
deposits, the meteoric fluids are unrelated to the gold 
stage. However, in the Variscan deposits, several 
studies have concluded on the basis of the halogen 
systematics that meteoric waters were involved in the 
gold precipitation, and possibly also as their carrier 
(e.g., Boiron et al., 1996, 2001). The lamprophyre 
hypothesis as the primary gold source remains 
unsupported by their non-systematic spatial association 
(McCuaig and Kerrich, 1998). The paragraphs below 
are aimed at testing the applicability of these models to 
the Pataz gold belt taking into account the ages and the 
regional geological evidences. 
The isotopic ages available for the Pataz area (Vidal 
et al., 1995; Haeberlin et al., 2002) indicate that the Au 
mineralization post-dates the Pataz Batholith, and its 
calc-alkaline suite by 4 to 17 m.y. Such a time gap 
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coupled to the results of the radiogenic isotope tracers 
and the size of the hydrothermal system rules out any 
genetic link between gold veining and the high-level 
Pataz plutonism, and thus the orthomagmatic models 
proposed by Schreiber et al. (1990), Vidal et al. (1995), 
Sillitoe and Thompson (1998), and Macfarlane et al. 
(1999). Similarly, no volcanic activity or any regional 
metamorphism is known to coincide in space and time 
with the hydrothermal event. Gold mineralization is 
temporally related to an evolving and exhuming 
convergent margin. This tectonic observation together 
with the lead isotope results requires that the origin of 
the Pataz gold lodes has to be linked to deep-seated 
crustal processes. Unfortunately, the fluid chemistry 
and isotopic compositions are non-diagnostic in this 
setting, and do not allow to favor a magmatic, a 
metamorphic or a meteoric model for the deep sourced 
fluids at Pataz. As revealed by the fluid inclusion data, 
several processes may in fact operate together or 
successively in a short time interval during the 
formation of these deposits (Fig. 11). Similar 
difficulties in constraining genetic models using 
geochemical and isotope tracers have been recently 
reviewed by Ridley and Diamond (2000). 
From the research reported here and reference to 
general models elaborated for orogenic gold belts 
(Kerrich and Wyman, 1990; Kerrich and Cassidy, 
1994; Goldfarb et al., 1998; Groves et al., 1998, 2000), 
the Pataz gold deposits constitute another example of a 
large-scale fluid flow in a convergent margin under-
going anomalous tectonic and heating phenomena. Any 
mechanism, sufficiently large, which increases the 
thermal gradient in the convergent margin, such as 
crustal thickening, partial melting of the asthenospheric 
mantle, (metamorphic) devolatilization of upper plate 
rocks, deep-seated magmatic sources, ridge subduction, 
or extensional period during a slab rollback (Hauessler 
et al., 1995; Goldfarb et al., 1997, 1998), should be 
considered as possible triggers for the deep fluid 
circulation involved in the generation of the Pataz gold 
lodes. In this context, the heat engine, whether 
magmatic or metamorphic or both in origin, provoked 
the release of low-salinity, aqueo-carbonic fluids and 
metals from lower crustal rocks, and, favored by the 
uplift conditions, the produced potentially gold-bearing 
fluids were able to begin their upward migration (Fig. 
11). During their rise along lithospheric lineaments, the 
released fluids intensely scavenged the wallrock 
channels, acquiring their isotopic composition from a 
mixture of the intersected rock units. At a depth of 16 
±5 km, these fluids deposited quartz and ankerite in 
low-order reverse and extensional fractures within the 
weakness zones bordering the Pataz Batholith. 
Moderately saline CO2-free fluids followed the aqueo-
carbonic fluids and discharged the transported metal 
contents in the quartz lodes, mineralizing them with 
pyrite and arsenopyrite (stage I). During the climax sta-
ge of the mineralization, hot rising brines incorporated 
gradually low-temperature dilute fluids, presumably 
sourced from surficial waters, that infiltrated the system 
following the uplift of the host units to shallower levels 
(ca. 5-10 km). As a result, the ore-related fluids became 
increasingly more dilute and cooler, and the sulfur 
activity in the system dropped, allowing gold and 
electrum to precipitate with galena and sphalerite (stage 
II) in microfractures within the sulfide-quartz lode. 
IV.11 Conclusions 
Although the combination of our isotope and fluid 
inclusion data yielded non-univocal interpretations at a 
first glance, several monitors indicate that the genesis 
of the Pataz gold lodes is the result of the involvement 
of a sizeable hydrothermal system with superimposed 
fluid circulations: 
(1) Uniformities in the ore sequences and alteration 
mineralogies as in the lode orientations and styles 
are evidence for a single veining event over the 
>160-km-long Pataz province. 
(2) Homogeneity in the C, O, S and Pb isotope 
compositions of the ore, gangue and alteration 
minerals, irrespective of the host rock and depth, 
argues for a unique and large hydrothermal cell, 
with intense fluid/rock interactions along the rock 
conduits, in particular the metamorphic rocks and 
the host pluton. Variations in δD values and 
87Sr/86Sr ratios are due to fluid interaction with the 
immediate host rock. 
(3) Radiogenic isotope tracing reveals fluid flow 
outside the host pluton, with, according to Pb 
isotope compositions, a significant contribution of 
a lower crustal component, and, according to the Sr 
isotope composition, a strong leaching of the 
Precambrian metamorphic rocks. 
(4) The common succession of fluid events in the 
lodes gives evidence for a rather extended but 
similar fluid history at the province scale, with pre- 
to syn-ore low-salinity mixed aqueous carbonic 
fluids of possible crustal origin, that evolved to 
moderately saline CO2-free fluids during the first 
ore stage. During the polymetallic gold stage, the 
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hot brines are diluted and cooled by incorporation 
of a low-temperature and dilute fluid, presumably 
sourced from evolved surface waters. 
Such an extensive hydrothermal system, that 
involves fluid circulation over tens to hundreds of 
kilometers, requires a sufficiently large thermal source 
to be developed, and thus should coincide with a major 
event in the geological history. At Pataz, gold 
mineralization is temporally related to an uplifting 
convergent margin, and to an addition of heat into a 
thickened crust. Under these favorable tectono-thermal 
conditions, low-salinity aqueo-carbonic fluids were 
released from the lower crust, and were able to migrate 
upwards along lithospheric lineaments. At a depth of 16 
±5 km, these fluids deposited quartz and ankerite in 
low-order reverse faults and extension fractures 
situated along the Pataz Batholith. Moderately saline 
CO2-free fluids followed the aqueous carbonic fluids, 
and discharged the transported metal contents in the 
quartz lodes, mineralizing them with sulfides. Gold 
trapping in the sulfide-quartz lodes resulted from 
dilution and cooling of the deep-sourced saline fluids 
by downgoing surface-derived waters, that infiltrated 
the system while the host units were uplifted to 
shallower levels. 
The isotope and fluid inclusion results presented 
here prevent us from establishing a fully constrained 
genetic model for a complex and evolving hydro-
thermal system, such as the Pataz gold deposits. Most 
of the tested tracers, in particular the stable isotopes, do 
not provide a full record of the fluid migration from the 
original source to the deposition site, but mainly a 
signature of the strong fluid-rock interactions along the 
pathways. As a result, a number of unanswered 
questions remain, such as the heat engine, whether 
magmatic or metamorphic or both, that provoked the 
release of fluids and metals at the origin of the orogenic 
gold veining, the effective ultimate source(s) of gold 
(the host batholith, the adjacent metamorphic basement 
or a deep-seated provider like the lower crust), and the 
exact nature of the gold-transporting fluid. 
When compared to other orogenic gold belts, the 
Pataz gold deposits are notable for their unusually high 
content of base metal sulfide minerals and their saline 
and relatively CO2-poor fluids. On account of textural 
evidences indicating that gold precipitated during late 
stages in microcracks, it seems that, unlike the common 
interpretation invoked in many orogenic deposits, the 
aqueo-carbonic fluids are not directly related to gold 
deposition. In our scenario, the income of low-saline 
surface-derived waters that diluted deep-sourced hot 
brines appears as the trigger that produced by decrease 
of sulfur activity following sulfide precipitation the 
dissociation of the Au(HS)2- complex, and thus its 
deposition as native gold and electrum. The proposed 
fluid dilution model is in many points comparable to 
scenarios envisaged for several Variscan orogenic gold 
deposits in Western Europe. 
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Appendix 1 - Fractionation factors used for the calculation of the δ34SH2S, δDH2O, δ18OH2O, δ18OCO2 and δ13CCO2. 
 Mineral-liquid/gas pair 1000 ln α = A + B 103 T -1 + C 106 T -2 + D 109 T -3 a Validity Reference 
  A B C D T (°C)  
 Sulfur        
 Chalcopyrite-H2S   0.05  200-600 Ohmoto and Rye (1979)  
 Galena-H2S   -0.10  50-700 Ohmoto and Rye (1979)  
 Sphalerite-H2S   0.63  50-705 Ohmoto and Rye (1979)  
 Hydrogen        
 Biotite-H2O 28.2 + 2XAl - 4XMg - 68XFe b  -22.4  400-850 Suzuoki and Epstein (1976)  
 Muscovite-H2O No calibration curve, graphical approximation with a shift of -20 ‰ 330 only Lambert and Epstein (1980)  
 Oxygen        
 Biotite-H2O -2.48  0.21  500-700 Bottinga and Javoy (1975)  
 Quartz-H2O -3.40  3.38  200-500 Clayton et al. (1972)  
 Calcite-H2O -3.39  2.78  0-500 O'Neil et al. (1969)  
 Dolomite-H2O -3.24  3.06  252-295 Matthews and Katz (1977)  
 Ankerite-H2O c -5.70  3.23  200-400 Mumin et al. (1996)  
 Muscovite-H2O 
Sum of ∆18Omu-qz, obtained by the substraction of their respective f-
values d and of ∆18Oqz-H2O, calculated with the quartz-H2O calibration. 330 only Taylor (1997) + Clayton et al. (1972) 
 
 Carbon        
 Calcite-CO2 2.962 -11.346 5.358 -0.388 0-3727 Ohmoto and Goldhaber (1997)  
 Dolomite-CO2 3.132 -11.346 5.358 -0.388 0-600 Ohmoto and Goldhaber (1997)  
 Ankerite-CO2 e 3.132 -11.346 5.358 -0.388 0-600 Ohmoto and Goldhaber (1997)  
a Temperature T is in kelvins. 
b XAl etc., is the mole fraction of Al in the hydrous silicates. 
c The empirical ankerite-H2O fractionation was proposed for  hydrothermal ankerite siderite pairs in equilibrium at 300±100°C. 
d F-values, or reduced partition function ratios are defined as 1000 ln (Q’/Q). The following equations were used: (1) f = 10.221 x - 0.282 x2 + 0.0086 x3 
for muscovite, and (2) f = 12.116 x - 0.370 x2 + 0.0123 x3 for quartz. The coordinate x is equal to 106/T2 and T is in kelvins. 
e The ankerite-CO2 fractionation is assumed to be similar to the dolomite-CO2 fractionation, as no calibration for iron-bearing carbonate minerals is 
available. 
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ABSTRACT: In the Central Andes, abundant quartz veins emplaced along brittle-ductile deformation zones in Ordovician to 
Carboniferous granites and gneisses, and countless saddle-reefs in lower Paleozoic turbidites represent a coherent group of middle to 
late Paleozoic structurally-hosted gold deposits, that are part of a major somehow neglected gold, antimony and tungsten orogenic 
belt. This belt, extending from northern Peru to central Argentina along the Eastern Andean Cordillera and further south in the Sierras 
Pampeanas, includes historical districts and mines such as Pataz-Parcoy, Ananea, Santo Domingo, Yani-Aucapata, Amayapampa, 
Sierra de la Rinconada and Sierras Córdobas. Three epochs of mineralization were identified, with younger ages to the north: Middle 
to Late Devonian in the Sierras Pampeanas (south of 26°S), presumably Late Devonian for the northwestern Argentinean, Bolivian 
and southeastern Peruvian turbidite-hosted lodes (12 to 26°S), and Pennsylvanian for the Pataz province in northern Peru (6°50’ to 
8°50’S). The later province is over 160-km-long and consists of sulfide-rich quartz veins hosted by brittle-ductile shear zones that 
have affected a 329 Ma old granodiorite. Gold mineralization occurred there 4 to 17 m.y. after the emplacement of the host pluton, 
late in the tectonic history of an evolving and exhuming continental margin. In contrast, the two southern belts are associated with 
syn- to post-collisional settings, resulting from the accretion of terranes on the proto-Andean margin of South America. The Eastern 
Andean Au-Sb Slate Belt presumably formed in an uplift context in the vanishing stages of the collision of the Arequipa-Antofalla 
terrane, and the Sierras Pampeanas Au-W Belt is considered concurrent with the late transpressional tectonics associated with the 
accretion of the Chilenia terrane. 
The three Devono-Carboniferous Andean belts are the South American parts of the round-the-world orogenic gold provinces. 
These belts were formed from Late Ordovician to Middle Permian in accretionary or collisional belts that circumscribed the 
Gondwana craton and the paleo-Tethys continental masses. A paleogeographic map of the Gondwana supercontinent in its Middle 
Cambrian configuration appears as a powerful tool for predicting the location of the majority of the Paleozoic orogenic gold 
provinces in the world, as they develop within mobile belts along its border. The three South American belts are sited in the 
metallogenic continuation of the Paleozoic terranes that host the giant Eastern Australian goldfields, such as Bendigo-Ballarat and 
Charters Towers, to which they share many unifying features. When compared to deposits in the French Massif Central, direct 
counterparts of the Andean deposits such as Pataz and Ananea-Yani are respectively the Saint-Yrieix district, and the Salsigne 
deposit. Considering the ubiquity of the vein-type deposits in the Eastern Cordillera and Sierras Pampeanas, and the size of the 
placers in the Subandean basins, the Devonian and Carboniferous orogenic gold deposits in the Central Andes should be reconsidered 
as an attractive target for future mineral exploration. 
 
 
V.1 Introduction 
In the earth’s history, giant orogenic gold deposits 
formed predominantly during four periods, Late 
Archean, Early Proterozoic, middle to late Paleozoic, 
and Mesozoic-Cenozoic, when plate tectonics resulted 
in the accretionary assembly of supercontinents 
(Kerrich and Cassidy, 1994; Goldfarb et al., 2000, 
2001). The formation of lode gold deposits in 
Paleozoic times corresponds to a major epoch of 
continental growth that started during the Late 
Ordovician and continued until the Middle Permian, 
culminating with the formation of Pangea (Bierlein 
and Crowe, 2000). During this period, the tectonic and 
thermal evolution of the convergent plate boundaries 
in accretionary and collisional orogen resulted along 
the margins of Gondwana and of the peri-Tethys in the 
concentration of one billion or more of gold ounces, 
deposited in particular in the giant deposits, such as 
Bendigo-Ballarat in Eastern Australia, and Muruntau 
and Kumtor in the Tien Shan (Bierlein and Crowe, 
2000). Elsewhere and around-the-world, middle to late 
Paleozoic orogenic phases were responsible for the 
formation of abundant gold deposits, in the Southern 
140 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 - Situation of the Pataz province in the frame of the orogenic Au-(Sb-W) belts of the Eastern Andean Cordillera and Sierras 
Pampeanas. 
Appalachians, the Meguma terrane in Nova Scotia and 
Newfoundland, the British Caledonides, the European 
Variscides, the Inner Mongolia in China, the Buller 
Terrane in New Zealand and southern South America 
(Bierlein and Crowe, 2000; Goldfarb et al., 2000, 
2001). In the former enumeration, the Paleozoic 
Andean belt, despite the common metallogenic 
heritage of the proto-Pacific margin of Gondwana 
from Eastern Australia via New Zealand and 
Antarctica to South America (Sillitoe, 1992), appears 
often as a forgotten element. Even in the recent 
syntheses (Kerrich and Cassidy, 1994; McCuaig and 
Kerrich, 1998; Goldfarb et al., 1998, 2001; Groves et 
al., 1998; Bierlein and Crowe, 2000), only little 
interest has been devoted to the orogenic gold class in 
the Andes. Only Sillitoe (1992), in its notes on the 
gold and copper metallogeny of the Central Andes, and 
Noble and Vidal (1994), in their reinterpretation of the 
historical auriferous deposits of Santo Domingo and 
Ananea in Peru, draw attention to the existence of 
large orogenic gold provinces in the Paleozoic Andes. 
More recently, the comprehensive re-evaluation of 
several deposits, such as the numerous Bolivian Sb-
(Au) sediment-hosted mineralizations (Dill et al., 
1997; Dill, 1998), the Peruvian batholith-hosted Pataz 
gold lodes (Haeberlin et al., 1999, 2000a, b, 2002; 
Macfarlane et al., 1999), and the Au-Ag-W veins in the 
Argentinean Sierras Pampeanas (Skirrow et al., 2000), 
highlights that the early to middle Paleozoic 
cordilleras, presumably from northern Peru to central 
Argentina, are in fact host of a continent-scale belt of 
orogenic gold, antimony and tungsten deposits. 
The scope of this article is to provide an overall 
frame to the poorly known gold deposits related with 
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the middle to late Paleozoic evolution of the proto-
Andean margin. Several Mesozoic and Cenozoic 
orogenic gold belts occur elsewhere along the Andean 
Cordillera, e.g. in the Antioquia region in Colombia 
(Utter, 1984; Shaw, 2000) and close to Nazca in Peru 
(Noble and Vidal, 1994), but they are not considered 
here. The first part of this paper is dedicated to the 
Pataz province, that is currently the focus of extensive 
fieldwork, dating and geochemical studies (Haeberlin 
et al., 1999, 2000a, b, 2002; Macfarlane et al., 1999). 
In a second part, two other geographically and 
tectonically disconnected metallogenic belts are 
documented, the Peruvian-Bolivian-Argentinean 
Eastern Andean Au-Sb Slate Belt, where only little 
information is available relative to the large number of 
occurrences, and the Argentinean Sierras Pampeanas 
Au-W belt, in which combined regional and 
metallogenic investigations are in progress (Skirrow et 
al., 2000). For these two belts, we present a geological 
and structural overview of the different mines and 
districts as well as synthetic descriptions of the 
mineralization styles, ore and alteration parageneses, 
and, if available, the fluid inclusion and isotopic data. 
Then, an emphasis is set on what is known about the 
timing and the tectonic setting of the three reviewed 
auriferous belts, and a critical approach is sketched on 
the existing genetic models. As synthesis, comparisons 
and contrasts are highlighted between the Andean belts 
and the aforementioned peri-Gondwanian orogenic 
gold provinces, and some perspectives are exposed for 
future exploration and research. 
For sake of simplicity, we adopt in this paper as 
well as in the author citations the term ”orogenic gold 
deposits” as defined by Bohlke (1982) and Groves et 
al. (1998), instead of the mesothermal, shear-zone 
hosted, structurally-hosted, or lode gold terms. 
V.2 The Pataz gold province 
The Pataz gold province is situated 470 km north of 
Lima in the Eastern Cordillera of the northern 
Peruvian Andes (Figs 1 and 2). The mineralized belt 
covers at least a 160-km-long and 1- to 3-km-wide 
region (7°20’-8°10’S, 77°20’-77°50’W), extending 
first along the right side of the Marañón Valley from 
Bolívar to Pataz (Schreiber, 1989; Schreiber et al., 
1990; Haeberlin et al., 1999, 2000a, b, 2002), then 
striking to the southeast to the Parcoy (Vidal et al., 
1995; Macfarlane et al., 1999) and Buldibuyo districts. 
A northern extension of this belt is likely into the 
Balsas district (6°50’S, 78°W), where similar gold 
deposit occurrences are documented (Sánchez, 1995). 
This province includes numerous quartz-sulfide veins, 
located to the east of a major NNW-striking lineament 
within a 1- to 3-km wide corridor, formed by the 
western margin and, in the Parcoy district, also the 
eastern margin of the Mississippian calk-alkaline Pataz 
Batholith at the contact with Upper Proterozoic to 
Ordovician volcano-sedimentary rocks (Fig. 1). 
Over the past 100 years, more than 16 underground 
mines, distributed over the entire Pataz province (Fig. 
1) produced a total of 6 Moz gold, mainly from 1925 
to 1960 and from 1980 onward. In 2000, the 
production of the province amounted to 380’000 
ounces, which represents about 9 percent of the gold 
produced in Peru. Grades in the mined ore shoots vary 
between 7 and 15 g/t Au, and locally reach about 120 
g/t Au. Further gold resources are estimated at 40 Moz 
at least for the 160-km-long mineralized belt. 
The auriferous veins of the Pataz province share 
several typical field characteristics over the entire belt, 
including: 
(1) strong lithological and in particular rheological 
control; they have a continuous as much as 5-km-
long extension where hosted by the Pataz 
Batholith, and occur as smaller, branching ore 
shoots, where the host rocks are Ordovician slates. 
(2) constant vein strikes, in particular within the 
batholith, where the quartz veins are emplaced 
along N- to NW-striking brittle-ductile deforma-
tion zones, dipping 30 to 60° to the east to north-
east, and within reverse fractures. Subordinate, 
they occur as E-W-striking extensional veins, 
bedding-concordant veinlets in the limbs of fold 
hinges in the Ordovician slates, and weakly 
mineralized roughly E-W-striking, sinistrally 
slipped vertical faults. 
(3) invariable Au, Ag, As, Fe, Pb, Zn, ±Cu, ±Sb, 
±(Bi-Te-W) metal association, and a two-stage ore 
sequence, with a first paragenesis composed of 
milky quartz, pyrite, arsenopyrite and ankerite, 
and a second one postdating a fracturation event 
with blue-grey microgranular quartz, galena, 
sphalerite, chalcopyrite, Sb-sulfosalts, electrum 
and native gold. A final post-sulfide paragenesis 
with calcite, dolomite and white quartz in veinlets 
crosscuts the earlier parageneses. 
(4) hydrothermal alteration of the wallrock, with 
intense bleaching of plutonic wallrocks, due to 
pervasive sericitization with minor chloritization, 
carbonitization, and pyritization, and almost 
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Fig. 2 - Schematic geological map of the Pataz gold province with the location of the main deposits. 
invisible to weak sericitization and chloritization 
in sedimentary host rocks. 
The overall uniformity in H, O, C, S, and Pb 
isotope composition of the ore, gangue and alteration 
minerals within the entire province is indicative of a 
large-scale fluid migration over several tens to 
hundreds of kilometers. Lead isotopes suggest that the 
hydrothermal fluids acquired most of their metal 
contents through strong interaction with the conduits 
and host rocks, in particular the Pataz Batholith, and a 
non-negligible part from lower crustal rocks. 
Similarly, Sr isotopes point out to the involvement of a 
radiogenic Sr external to the pluton, either leached 
from the Precambrian series or from deep-seated 
gneissic rocks. According to the fluid inclusion study, 
the ore fluids related to the early pyrite-arsenopyrite 
stage are moderately saline and CO2-free hot brines, 
that appear to have post-dated low-salinity aqueous 
carbonic fluids of possible crustal origin. The decrease 
of the fluid salinities during the gold stage is indicative 
of the income of a third and dilute fluid in the 
hydrothermal system, that is presumably sourced from 
downgoing surface waters. This dilution and the 
associated drop in sulfur activity are interpreted as the 
main mechanisms responsible for gold precipitation. 
Gold deposition occurred at 330 ±50°C according to 
oxygen and sulfur isotope geothermometry. 
Age, geotectonic setting and genetic hypotheses 
Three mineral separates from the muscovite alteration 
intimately associated with the gold mineralization 
yield overlapping 40Ar/39Ar ages between 314 and 312 
Ma, that are interpreted as the closest approximation, 
although lower, of the mineralization age (Haeberlin et 
al., 2002). The 325-322 Ma 40Ar/39Ar dates obtained 
for micas from a late aplite dyke represent the upper 
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age limit for the mineralization (Haeberlin et al., 
2002). The main host rock, the Pataz Batholith has a 
U/Pb zircon age of 329 ±1 Ma (Vidal et al., 1995), and 
two consistent 40Ar/39Ar biotite ages of 329.2 ±1.4 Ma 
and 328.1 ±1.2 Ma (Haeberlin et al., 2002). The 
combination of these isotopic ages suggests that the 
short-lived Au mineralization event post-dates by 4 to 
17 m.y. the Pataz Batholith and its calc-alkaline suite 
(Haeberlin et al., 2002, Fig. 3). Such a timing coupled 
to the radiogenic isotope evidence and the size of the 
hydrothermal system does not support a genetic link 
between gold veining and high-level plutonism, such 
as the orthomagmatic models proposed by Schreiber et 
al. (1990), Vidal et al. (1995), Sillitoe and Thompson 
(1998), and Macfarlane et al. (1999). Similarly, no 
volcanic activity or any regional metamorphism 
coincides in space and time with the hydrothermal Au 
event. Therefore no local processes can be invoked for 
the lode genesis (Fig. 3). 
At Pataz, and presumably in the Eastern Cordillera 
north of 12°S, the regional setting prevailing during 
the Mississippian immediately before gold ore 
formation is characterized by arc-related calk-alkaline 
plutonism and molasse-type sedimentation in trans-
tensional basins with sporadic basaltic and gabbroic 
magmatic episodes. The gold event, post-dating the 
injection of lamprophyres, occurred late in the history 
of this evolving margin, presumably within its 
uplifting stage. Indirect observations on the behalf of 
the isostatic movements are the early deposition of 
eroded granitic clasts in the Mississippian basins, 
following the denudation of the intrusion, and the 
almost absence of a lower Pennsylvanian sedimentary 
cover. Such isostatic movements are considered to be 
consecutive to the crustal thickening that presumably 
occurred in response to magmatic underplating. This 
crustal thickening is potentially the driving force that 
initiated a succession of tectono-thermal processes at 
the origin of the Au lodes. In this context, the heat 
engine, whether magmatic or metamorphic or both, 
provoked the release of fluids and metals from lower 
crustal rocks, as suggested by the lead isotope 
compositions of the ores, and under the uplift 
conditions, the produced brines were able to begin 
their upward migration. At the brittle-ductile 
transition, the fluid flow discharged its metal content, 
mineralizing low-order shear and extensional fractures 
situated within the deformation zone bordering the 
batholith. In view of the former scenario, and in 
particular the close association of gold veining in 
space and time with uplifting terrane host, major 
strike-slip faults, and lamprophyres, the Pataz lode-
gold deposits are in an equivalent situation to other 
orogenic gold belts. 
V.3 Orogenic Au-(Sb-W) deposits in the 
Central Andes 
A large number of small structurally hosted Paleozoic 
Au-(Sb-W) deposits are documented in the Central 
Andes from 6° to 32°S, along the Eastern Cordillera in 
Peru, Bolivia and northern Argentina, and along its 
southern prolongation, the Sierras Pampeanas in west-
central Argentina (Fig. 1). Most of them occur either 
as saddle-reefs in lower Paleozoic turbiditic sequences 
or as brittle-ductile veins in Ordovician to Carbonifer-
ous granites and gneiss. Besides the Pataz province, 
the major auriferous districts and mines are, from north 
to south, Ananea and Santo Domingo in southeastern 
Peru, Yani-Aucapata in the Cordillera Real of Bolivia, 
Amayapampa in Central Bolivia, Sierra de la 
Rinconada in northwestern Argentina, and Sierra de 
las Minas and Sierras Córdobas in west-central 
Argentina (Fig. 1). Table 1 summarizes the geological 
and tectonic settings, the ages, the structural styles, the 
ore minerals and alterations, the economic metals and, 
if available, the fluid inclusion data of the aforemen-
tioned deposits. According to their intrinsic features, 
two superprovinces, corresponding to different 
tectonic and geographical domains, will be defined in 
addition to the Pataz and northern Peruvian deposits: 
the Eastern Andean Au-Sb Slate Belt and the Sierras 
Pampeanas Au-W Belt. 
V.3.1 The Eastern Andean Au-Sb Belt 
The Eastern Andean Slate Belt (12 to 26°S) regroups 
the lode-gold and antimony deposits, generally hosted 
by lower Paleozoic turbiditic sequences, that are 
situated along the Eastern Cordillera from the north of 
Cuzco in Peru down to the south of Salta in 
northwestern Argentina (Fig. 1). The spatially close 
and locally telescoping intrusion-related Sn-W-Au 
vein-type deposits in SE Peru (Clark et al., 1990), and 
epithermal Sb mineralizations in Bolivia (Dill et al., 
1995, 1997) are not considered, since they belong to 
Triassic-Early Jurassic and Tertiary metallogenic 
epochs, respectively. Reported and documented gold 
deposits and mines in the Au-Sb belt include Ananea 
and Santo Domingo in SE Peru (Soler et al., 1986; 
Fornari et al., 1988; Clark et al., 1990; Fornari and
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Hérail, 1991), Yani-Aucapata in the Bolivian 
Cordillera Real (Tistl, 1985; Fornari and Hérail, 1991), 
Amayapampa (Richings, 2000), Antofagasta, 
Cebadillas, Santa Rosa de Capasirca, Candelaria and 
Sucre (Lehrberger, 1992) in central and southern 
Bolivia, Sierra de la Rinconada in northwestern 
Argentina (Sureda et al., 1986; Zappetini, 1998), and 
countless Bolivian antimony vein-type deposits, such 
as San Bernardino, San Luís, Virgina, Churquini, 
Huarojla, Chichena, San Carlos (Ahlfeld and 
Schneider-Scherbina, 1964; Lehrberger, 1992; Dill et 
al., 1997; Dill, 1998). Most of these deposits were 
initially mined on a very small scale by the indigenous 
population prior to the arrival of the Spanish 
conquistadors, and small-scale mining continued 
during the Spanish colonial period until modern times. 
The historic Santo Domingo mine was one of the 
richest deposits, with reported free gold wires and 
grades reaching as much as 2 kg/t Au (Fornari et al., 
1988). To our knowledge, corporate mining is 
presently restricted to the Ananea region, where both 
vein-type ores and fluvioglacial placers are exploited 
(~100’000 oz/y, of which the eighth comes from the 
bedrock), and to the Amayapampa area, where 
feasibility studies are in progress (Richings, 2000). 
Furthermore, these primary deposits are likely the 
dominant gold sources for the large placer deposits of 
the Subandean Madre de Dios and the Beni basins 
(Fornari et al., 1988; Sillitoe, 1992). Yearly production 
from these placer deposits amounts to ~400’000 
ounces in Peru and ~100’000 ounces in Bolivia, 
respectively. 
At a regional scale, the turbidite-hosted deposits 
generally occupy the flanks of regional anticlines or 
low-order structures close to major tectonic 
boundaries. The mineralized sites show very different 
geometries with respect to the foldings, including 
straight crosscutting brittle-ductile veins and veinlets, 
saddle-reefs, bedding-concordant veins, called by the 
local people “mantos”, and disseminated ores. In many 
places, the Au-Sb mineralization is apparently in close 
spatial relationship with dark layers interpreted as 
black shales (Fornari et al., 1988; Fornari and Hérail, 
1991; Lehrberger, 1992; Dill et al., 1997; Dill, 1998). 
Contrasting with the multiple styles of the deposits, 
their mineralogy is uniform with two to three 
successive ore parageneses, separated by a fracturation 
phase, consisting of early pyrite-arsenopyrite and 
minor W-bearing minerals with milky quartz, gold 
occurring in the second stage with Pb-Zn-Cu-bearing 
sulfide minerals, Sb-bearing minerals and blue-grey 
microgranular quartz. In most of the Bolivian 
occurrences, antimony is the main ore and its minerals, 
mainly stibnite, falhore, berthierite, and jamesonite, 
formed towards the end of the second stage and/or 
during a low-temperature third stage (Lehrberger, 
1992; Dill et al., 1997; Dill, 1998). This Sb-Au 
association, typical of shallow-level deposits 
(McCuaig and Kerrich, 1998), has been widely 
documented in other Paleozoic orogenic gold belts 
elsewhere, such as in the French Massif Central 
(Bouchot et al., 1997), in the Meguma terrane of Nova 
Scotia (Kontak et al., 1996) and in the New England 
fold belt of Eastern Australia (Ashley and Craw, 
2000). The presence of scheelite-only deposits in the 
Yani district (Tistl, 1985) suggests that, in SE Peru and 
N Bolivia, deeper and higher-grade parts of the 
mineralizing system are also preserved. Nonetheless, 
as shown by the homogeneous alteration styles and 
assemblages, that consist of almost invisible to 
moderate sericitization and chloritization (Clark et al., 
1990), most of the Au deposits are emplaced under 
lower greenschist conditions. Interestingly, and 
similarly to Pataz, the presence of abundant blue-grey 
fine-grained quartz is the best guide for elevated gold 
grades (Tistl, 1985; Fornari et al, 1988; Clark et al., 
1990; de Montreuil, 1995). Fluid inclusion studies 
have been carried out on the Au-Sb Bolivian deposits 
(Tistl, 1985; Lehrberger, 1992; Dill et al., 1997; Dill, 
1998), and low-salinity H2O-NaCl-CO2, CO2-rich, and 
low- to moderate-salinity H2O-NaCl fluids have been 
described. However, it is unclear which inclusion type 
is related to the gold-depositing hydrothermal fluid. 
Age, geotectonic setting and genetic hypotheses 
There is no radiometric dating available yet on the 
Eastern Andean Au-Sb belt, except an ambiguous 227 
Ma K/Ar age from the Yani district mentioned in 
Fornari and Hérail (1991). This age, measured on 
muscovite coming from a mine in the contact aureole 
of the Zongo intrusion coincides with the 225 Ma 
40Ar/39Ar intrusion age (Heinrich, 1988). Therefore, it 
remains unclear whether it represents the age of the 
thermal metamorphism or that of the hydrothermal 
event. The subsequent age discussion is henceforth 
exclusively on account of indirect arguments. 
Clark et al. (1990) noted that the slate-hosted Au-
Sb deposits in the Ananea region are locally over-
printed by Sn-W-Au intrusion-related mineralizations. 
The latter are dated at 143 ±10 Ma by K/Ar in the 
Gavilán de Oro deposit. Therefore, Clark et al. (1990) 
also favor a cogenetic interpretation that is a Jurassic
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Fig. 3 - Timing of the middle to late Paleozoic Au-(Sb-W) orogenic gold deposits in the Central Andes relative to the main 
orogeneses and intrusions in the three defined belts. For the Sierras Pampeanas, the diagram is modified from Skirrow et al. (2000). 
Other age sources: Vidal et al. (1995) and Haeberlin et al. (2002) for the Pataz province, Heinrich (1988) for the Andean Slate Belt, 
Sims et al. (1998) and Stuart-Smith et al. (1999) for the Sierras Pampeanas. 
age for the Au-Sb lodes. As stated by Tistl (1985) in 
the neighboring Yani district, the restriction of these 
Au-Sb deposits to the Siluro-Ordovician turbidites, and 
their total absence in nearby Permo-Triassic and 
Jurassic (Heinrich, 1988) intrusive bodies makes a 
Jurassic age unlikely. Thus, we conclude that the Au-
Sb mineralizations, from southeastern Peru to 
northwestern Argentina, are syn- to post- regional 
folding affecting the Siluro-Ordovician units, a 
deformation which is consistent with the Late 
Devonian “Eohercynian” collision phase (Laubacher, 
1978; Martinez, 1980; Dalmayrac et al., 1980), and 
prior to the Permo-Triassic and Jurassic plutonic 
events (Fig. 3). Since the emplacement of the Au-Sb 
ore shoots overlaps in many deposits the waning stages 
of the regional deformation and metamorphism 
(Lehrberger, 1992; Dill et al., 1997), the mineralizing 
event is believed to occur mostly during the Late 
Devonian. In Bolivia and SE Peru, this orogenic phase 
is related to the final collision of the Arequipa-
Antofalla terrane on the Amazonian craton (Martinez, 
1980; Dalmayrac et al., 1980; Forsythe et al., 1993). 
Albeit the field data, the accurate timing of the 
mineralizing event(s) should be tested by isotopic 
dating, and investigated for possible diachronism 
between the northern gold-tungsten and the southern 
antimony-rich districts. 
Because of the age ambiguity, the formation of the 
Eastern Andean Au-Sb Slate Belt, following the age 
problematic, is the subject of a broad and ongoing 
controversy, analogous to the conflicting ideas 
addressing sediment-hosted gold provinces elsewhere. 
On account of their geographic but in our view 
possible fortuitous spatial association, Petersen (1960) 
initially proposed a genetic relationship between the 
distal Au-Sb veins of Ananea and the proximal Sn-W-
Au granite-related veins of Condoriqueña in an 
intrusion centered-system. Corroborating this idea, 
Clark et al. (1990) estimated that the gold-bearing 
fluids of the SE Peruvian deposits were derived from 
granitoid magmas or from extensive metamorphic 
aureoles surrounding the batholiths. In contrast, French 
authors, influenced by the prevailing genetic 
interpretations about the Salsigne deposit in the early 
1980’s (Bonnemaison, 1986), today included in the 
orogenic gold class (Lescuyer et al., 1993), postulated 
that the Ananea deposits were syngenetic and 
exhalative-sedimentary deposits (Fornari and 
Bonnemaison, 1984; Fornari and Hérail, 1991). 
According to the later authors, the so-called 
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“auriferous massive sulfides” or “mantos” were related 
to submarine hydrothermal sources in a context of 
aborted rift. Tistl (1985), although denoting similari-
ties with orogenic deposits in greenstone belts, 
suggested that the formation of the neighboring Yani 
lodes was due to remobilization of sulfide mineral 
layers during contact metamorphism. For the central 
and southern Bolivian Sb-Au deposits, Lehrberger 
(1992) adopted a comparable metallogenic model, on 
account of the apparent association with black shales, 
invoking the mobilization of metals by hydrothermal 
convective systems from metal-enriched horizons, and 
their later precipitation in structural traps. Dill et al. 
(1997) proposed for the Bolivian sediment-hosted Sb 
deposits their generation through metamorphogenic 
processes remobilizing preconcentrated Sb in the host 
environment, and further classified them as a subgroup 
of the mesothermal gold class. Finally, accepting the 
genetic model proposed in Fornari and Bonnemaison 
(1984), Zappetini and Segal (1998) interpreted the Au 
saddle-reefs of the Sierra de la Rinconada as resulting 
from exhalative processes. 
None of the aforementioned genetic hypotheses are 
entirely satisfactory, as they present several deficien-
cies with respect to field observations. The plutonic 
and contact metamorphic models are not compatible 
with the middle to late Paleozoic ages of the 
mineralization, since the intrusions are younger than 
the latter. In addition, the crosscutting geometries of 
the mineralizations and the alteration overprints do not 
match with the sedimentary-exhalative processes. 
Lastly, the crustal size of the hydrothermal cell and the 
fluid chemistry are difficult to reconcile with the 
remobilization models, and gold and antimony 
preconcentrations. An alternate model is henceforth 
required, that could explain in particular the syn- to 
late metamorphic and compressional environment of 
the Au-Sb deposits. In this sense, it is important to 
note that these deposits present common features with 
the turbidite-hosted orogenic gold deposits of the 
Lachlan Belt in Western Australia (Foster et al., 1998; 
Ramsay et al., 1998; Bierlein and Crowe, 2000), the 
Meguma Belt in Nova Scotia (Ryan and Smith, 1998), 
and Salsigne in the French Massif Central (Lescuyer et 
al., 1993). Most of the later deposits are now 
interpreted to be the result of episodic tectonic pulses 
over a protracted period during the progressive 
formation, diachronous consolidation, and exhumation 
of an orogenic belt (Bierlein and Crowe, 2000). 
Knowing that the Late Devonian context in the Central 
Andes is in many points comparable to the ones 
prevailing during orogenic gold veining in the 
aforementioned provinces, a scenario involving 
metamorphic and exhumation processes is thus 
inferred as a preliminary genetic model for the Eastern 
Andean Slate Belt (see below). 
V.3.2 The Sierras Pampeanas Au-W Belt 
The Sierras Pampeanas in west central Argentina 
(south of 26°S), historical producers of Au and W have 
been the subject of few published studies on their ore 
deposits. In the first major synthesis, Skirrow et al. 
(2000) give a comprehensive metallogenic framework 
with a multidisciplinary approach and detailed 
mapping for their southern part, focusing on the nature 
of the abundant lode-gold deposits and occurrences. In 
this Au-W belt, the main documented districts (Table 1 
and Fig. 1) are from north to south, Sierra de la 
Culampajá in the Catamarca province (Lazarte, 1992), 
Río Candelaria and San Ignacio (Sierras Córdobas) in 
the Córdoba province (Lyons et al., 1997; González 
and Mas, 1998; Skirrow et al., 2000), and Santo 
Domingo in the San Luís province (Sims et al., 1997; 
Skirrow et al., 2000). Resources from the Candelaria 
and San Ignacio districts are estimated at 60’000 and 
40’000 ounces of gold, respectively (Skirrow et al., 
2000). 
In summary, and following essentially the field 
observations presented in Skirrow et al. (2000), most 
of the gold occurrences are situated in shear or 
mylonitic zones within Cambrian to Devonian gneissic 
and granitic rocks, generally in the vicinity of 
transpressional structures. The deposits display a 
diversity of structural styles, with mainly quartz veins 
in brittle-ductile deformation zones, and subsidiary 
stockworks, en-échelon gash veins and siliceous zones. 
The mineralized structures show uniformly low- to 
moderate-temperature alterations, with a proximal 
intense sericitization and distal propylitization and 
chloritization. The mineral assemblages consist 
systematically of abundant milky and blue-grey quartz, 
minor carbonate minerals, pyrite, chalcopyrite, galena, 
sphalerite, gold, electrum and rare wolframite. In the 
southern Sierras Pampeanas, fluid inclusion studies in 
the different gold show that H2O-CO2-NaCl and H2O-
NaCl fluids are involved in the ore precipitation 
(González and Más, 1998; Skirrow et al., 2000). 
Deuterium and oxygen isotope compositions reveal the 
contribution to the hydrothermal fluids of either D-
depleted meteoric waters that have reacted extensively 
with metasedimentary rocks, or fluids derived from 
148 
 
degassed magmas, or a mixture of both, and oxygen 
isotope geothermometry indicate ore formation 
temperatures around 300°C (Skirrow et al., 2000). 
In addition to the lode-gold deposits, three main 
styles of middle to late Paleozoic tungsten-bearing 
mineralizations, locally with significant gold content, 
have been recognized in the southern Sierras 
Pampeanas: (1) quartz-muscovite-tourmaline veins 
containing wolframite, scheelite and sulfide minerals, 
(2) scheelite associated with calc-silicate rocks, and (3) 
disseminated scheelite with quartz veins in 
metasedimentary sequences (de Brodtkorb and 
Brodtkorb, 1977; Skirrow, 2000). Finally, Ag-Pb-Zn 
veins belonging to the same metallogenic epoch are 
described in El Guaico district in the province of 
Córdoba (Sureda et al., 1978; Skirrow et al., 2000). 
Minor Cu-Au granite-hosted deposits, like La 
Rioja, occur in the Sierras de las Minas (Ríos Gomez 
et al., 1992; Cangialosi and Baldis, 1995; Pieters et al., 
1997; Skirrow et al., 2000). Their characteristics are 
distinct with respect to the ones mentioned above 
occurring in shear-zones. Indeed, these deposits 
display “porphyry-like” attributes such as regional 
demagnetization, stockwork-type structures, late 
paragenetic stages with abundant supergene Cu 
secondary minerals, Fe-oxides and chalcedony, and 
CO2-bearing fluids with moderate salinities (Ríos 
Gomez et al., 1992; Cangialosi and Baldis, 1995; 
Skirrow et al., 2000). 
Age, geotectonic setting and genetic hypotheses 
The 40Ar/39Ar ages of the gold deposits in the Sierra de 
las Minas and Río Candelaria/San Ignacio districts are 
in the range 393-382 Ma and 378-351 Ma, respectively 
(Skirrow et al., 2000). The younger gold epoch 
overlaps the ~365 Ma W±Cu-bearing vein- and 
replacement-type mineralizations in the Aguas de 
Ramón district in the Córdoba province, and the San 
Román district in the San Luís province. At a regional 
scale, the later Au and W deposits post-date by 20 to 
30 m.y. the 404 to 382 Ma (Stuart-Smith et al., 1999) 
high-level peraluminous to metaluminous granites, 
whereas the gold lodes in the Sierras de las Minas are 
apparently a disconnected event, broadly synchronous 
with this felsic magmatism (Fig. 3). The younger 
mineralizing event occurs during the final stages of the 
locally called Achalian orogeny, a Devonian 
collisional event resulting from the accretion of the 
Chilenia terrane on the proto-Andean margin (Sims et 
al., 1998; Stuart-Smith et al., 1999). More accurately, 
this Au and W veining coincides with the sinistral, 
strike-slip shearing tectonics, dated by 40Ar/39Ar 
between 376 and 351 Ma (Sims et al., 1998). Based on 
the event chronology, the collisional context, and the 
structural styles, most of the gold and part of the 
tungsten, at least the vein-type deposits could be 
attributed to the orogenic deposit class. Exceptions are 
the Cu-rich Au mine of La Rioja and neighboring 
occurrences in the Sierra de las Minas district, which, 
in addition to their slightly older ages overlapping the 
intrusion ages, present mineralogical and textural 
features closely resembling to the ones of porphyry-
like gold deposits. 
V.4 Discussion 
V.4.1 Summary of the unifying features 
The middle to late Paleozoic lode-gold deposits with 
subsidiary W and Sb in the Central Andes represent a 
coherent group of orogenic gold deposits with 
common regional, structural and temporal features 
irrespective of the host terranes. The documented 
deposits in the Pataz province, the Eastern Andean 
Slate Belt, and the Sierras Pampeanas Belt formed 
lately in the orogen history, and are systematically 
emplaced along convergent plate boundaries in the 
vicinity of first-order structures, such as lithospheric 
lineaments and regional anticlines. Small changes in 
the nature and style of the individual deposits reflect 
the local influence of the host rocks, and in particular 
their rheological properties and geochemical 
compositions. Thus, competent granitic plutons host 
regular brittle-ductile quartz veins, while anisotropic 
low-metamorphic turbiditic sequences present a 
variety of deposit geometries, such as saddle-reefs, 
bedding-concordant veins, stockworks and dissemi-
nated ores. Similarly, the metal associations of the 
mineralized lodes are also controlled by the host 
lithology, with preferentially an Au, Ag, Pb, Zn, Cu, 
As (Pataz) and W (Sierras Pampeanas) assemblage in 
granites, and an Au, Sb, W assemblage in turbidites. In 
most of the Andean deposits, as in the majority of 
Phanerozoic deposits worldwide (Bierlein and Crowe, 
2000), arsenopyrite and minor scheelite and 
wolframite appears early in the quartz-carbonate-pyrite 
veins, gold and silver precipitate after a fracturation 
phase with the second-stage galena-sphalerite-
chalcopyrite paragenesis, and a late stage stibnite and 
Sb-sulfosalt paragenesis typically in the shallower 
parts of the mineralizing systems. Alteration patterns 
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with variable degrees of sericitization, carbonitization 
and chloritization developed within narrow rims 
surrounding the gold-bearing structures, indicating that 
these deposits formed under low to moderate 
greenschist conditions. 
The documented Andean deposits display many 
characteristics, in particular their structural style, 
paragenesis, metal association and alteration pattern 
similar to other major Paleozoic orogenic gold 
provinces, such as the Australian Lachlan and 
Thomson fold belts (Solomon and Groves, 1994; 
Foster et al., 1998; Ramsay et al., 1998; Bierlein et al., 
2000), the French Massif Central (Bouchot et al., 
1997), and the Canadian Meguma terrane (Ryan et al., 
1998). To our knowledge, direct counterparts of the 
Pataz deposits are the Saint-Yrieix district in the 
French Massif Central (Bouchot et al., 1989) and the 
Charters Towers-Etheridge orefield in Eastern 
Australia (Peters and Golding, 1989; Bain et al., 1998). 
Similarly the Ananea district and the neighboring 
southern Yani district can be compared to the Salsigne 
deposit in France (Lescuyer et al., 1993). 
V.4.2 Timing of mineralization 
According to relative ages of the collisional events, 
and isotopic ages of intrusions and ore-related 
alterations, three episodes of gold veining, are 
recognized during Paleozoic times in the Central 
Andes, and are consistent with the separate tectonic 
evolution of the main cordilleran domains, whereby 
the ages become younger to the north: Middle to Late 
Devonian in the southern Sierras Pampeanas, 
presumably Late Devonian for the Eastern Andean 
Slate Belt, and Early Pennsylvanian for the Pataz 
province (Fig. 3). The later deposits were formed in an 
uplifting region in a convergent plate margin, whereas 
the first two superprovinces are emplaced with a 
collisional context related to terrane accretions onto 
the Amazonian craton. Albeit the spatial relationship 
between high felsic intrusions and a large number of 
orogenic gold deposits, there is no evidence in the 
documented Andean deposits for a genetic link 
between both events. The partly fragmentary available 
data indicate that the plutons pre- or post-date the lode 
gold mineralizations, and, like at Pataz, generally only 
served as a favorable rheological host for extensive 
vein opening. In fact, all three Andean gold belts, 
despite their separate histories, were formed during the 
terminal stages of the evolution of orogens (Fig. 3), 
coevally with terrane uplifting and transpressional 
strike-slip tectonics. These late-kinematic timings and 
the convergent plate boundary locations are fully 
consistent with the orogenic gold class concept as 
defined in Groves et al. (1998). 
V.4.3 The circum-Gondwana orogenic gold belt 
On the basis of recent advances in isotopic dating of 
the deposits, Bierlein and Crowe (2000) and Goldfarb 
et al. (2001) pointed out that the circum-Gondwana 
margin and the continental masses around the closing 
Paleo-Thetys Ocean account for the location of most 
of the middle to late Paleozoic gold orogenic provinces 
in the world, such as the Lachlan, New England, 
Hodgkinson and Thomson fold belts in Eastern 
Australia, Westland in New Zealand, Victoria Land in 
Antarctica, the Southern Appalachians, the Meguma 
province in Nova Scotia and Newfoundland, the 
British Caledonides, the European Variscides with the 
Iberian, French Central and Bohemian Massifs, the 
Tien Shan in Central Asia and the Inner Mongolia in 
Northeast China. The tectono-thermal processes 
generating these provinces took place from Late 
Ordovician to Middle Permian, a long period 
characterized by global continental growth on the 
Gondwana supercontinent and on the Paleo-Tethys 
continental masses (Goldfarb et al., 2001). In this 
perspective, the Eastern Andean Cordillera and its 
southern prolongation, the Sierras Pampeanas are the 
South American pieces of this round-the-world 
peripherical belt of orogenic gold deposits (Fig. 4). 
A paleogeographic reconstruction of the Gondwana 
supercontinent in its Cambrian configuration (Fig. 4) 
appears as a powerful tool for revealing, at a very large 
scale, the regions that will host middle to late 
Paleozoic orogenic gold provinces, since these latter 
will develop subsequently within terranes along its 
margin. In fact, most of the major known middle to 
late Paleozoic orogenic gold provinces in the world, 
with the notable exception of the Uralides, which 
resulted from the collision of Kazakstania and Euame-
rica, and other East Russian provinces (Goldfarb et al., 
2001), can be placed on the reconstruction of Figure 4, 
which confirms its relevance. In this sense, the 
supposed paleogeographical pattern of the Gondwana 
supercontinent during Cambrian times may be used as 
a predicting tool for finding the location of hidden 
orogenic gold systems that may have form during 
Paleozoic times. Based on this reconstruction, the 
Antarctic continent, the Mauritanides in Northwest 
Africa, Arabia and Indochina and Burma appear
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Fig. 4 - Paleogeographic sketch of the Gondwana supercontinent at Cambrian times after Courjault-Radé et al. (1992), with the 
circum-Gondwana and peri-Tethys location of the mobile belts that will host major middle to late Paleozoic orogenic gold provinces. 
The ages of the gold belts are after Goldfarb et al. (1998, 2001) and Groves et al. (1998). Prospective areas are highlighted with 
question marks. 
potentially amongst the most prospective regions for 
the discovery of new orogenic gold resources (Fig. 4). 
V.4.4 Exploration and research perspectives 
Unlike epithermal systems, only little attention has 
been devoted in the Andes to the attractive potential of 
the Devonian and Carboniferous orogenic gold-
(antimony-tungsten) belts, and many regions with 
Paleozoic and Precambrian outcrops remain virtually 
unexplored. Considering the ubiquity of the Au-Sb-W 
lodes, some of them known since the Inca epoch (15-
16th centuries) or even earlier, and the size of the 
auriferous placers in the Subandean basins, it should 
be emphasized that the Central Andes offer stimulating 
perspectives for the discovery of new deposits and for 
the re-evaluation of old mining areas, either in Peru, 
Bolivia or western Argentina. For mineral exploration, 
the brittle-ductile quartz veins in Ordovician to 
Carboniferous batholiths and the saddle-reefs in the 
lower Paleozoic anticlines represent the most 
promising targets for high-grade orogenic gold 
deposits with subsidiary antimony and tungsten. From 
an economic point of view, the relatively high-grade 
intrusion-hosted deposits are fitted for medium-size 
mining (e.g. Pataz), and perhaps the large-scale 
turbidite-hosted deposits, even in disseminated form, 
could represent in the future candidates for open pit 
operations (e.g. Amayapampa). 
In view of the paucity of the regional and metal-
logenic studies in the Paleozoic Bolivian and Peruvian 
Andes, we are aware that the aforementioned models, 
in particular for the Eastern Andean Slate Belt, are 
inevitably fragmentary and poorly constrained, and 
should be considered merely as preliminary working 
hypotheses. A better understanding of the origin and of 
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the geodynamic environment of the Andean Au-Sb-W 
orogenic deposits requires by far more detailed and 
multidisciplinary approaches with geological and 
structural mapping, geophysical surveys, metallogenic 
studies as well as efficient dating of the metamorphic, 
igneous and hydrothermal events. Additional support 
for unraveling the histories of the Andean deposits 
may be provided by the unifying features common to 
many Paleozoic orogenic gold belts worldwide. 
Besides the deciphering of the nature of the individual 
deposits, the ultimate goal of such researches is to 
develop guides for predicting in the belts where are the 
most prospective areas, and to determine the one(s) 
which have the better potential for large-scale 
hydrothermal systems among the different geodynamic 
settings and associated thermal events. 
V.5 Conclusions 
Significant lode-gold resources with subsidiary anti-
mony and tungsten occur in the Central Andes either 
along brittle-ductile deformation zones in Ordovician 
to Carboniferous granites and gneisses, or as countless 
saddle-reefs in lower Paleozoic turbiditidic sequences. 
These auriferous mineralizations represent a coherent 
belt of middle to late Paleozoic orogenic gold deposits, 
among which Pataz, Ananea, Yani and Amayapampa 
are the most famous examples, that extends from 
northern Peru to central Argentina along the Eastern 
Andean Cordillera and further south in the Sierras 
Pampeanas. Three epochs of mineralization were 
identified, with younger ages to the north: Middle to 
Late Devonian in the Sierras Pampeanas (south of 
26°S), presumably Late Devonian for the northwestern 
Argentinean, Bolivian and southeastern Peruvian 
turbidite-hosted lodes (12 to 26°S), and Pennsylvanian 
for the Pataz province in northern Peru (6°50’ to 
8°50’S). These Andean belts are the South American 
parts of the round-the-world orogenic gold provinces 
that were formed from Late Ordovician to Middle 
Permian in accretionary or collisional belts that 
circumscribed the Gondwana craton and the paleo-
Tethys continental masses. 
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Appendix 
Appendix A. Sample lists 
Table I - Abbreviation lists of minerals & lithoclasts, sample codes, geological units, and geochemical analysis types. 
 Minerals & lithoclasts 
 all allanite 
 amp amphibole 
 ank ankerite 
 ap apatite 
 as arsenopyrite 
 Au native gold 
 bi biotite 
 ca calcite 
 chl chlorite 
 cl clay 
 clz clinozoisite 
 cp chalcopyrite 
 cpx clinopyroxene 
 di diopside 
 dol dolomite 
 el electrum 
 ep epidote 
 fh fahlore 
 fuch fuchsite 
 gl glaucony 
 gn galena 
 gr graphite 
 grt garnet 
 gy gypsum 
 hb hornblende 
 hm hematite 
 il ilmenite 
 jm jamesonite 
 kaol kaolinite 
 kf K-feldspar 
 law lawsonite 
 lim limonite & other iron oxides 
 l-av acid volcanic clast 
 l-bv basic volcanic clast 
 l-met metamorphic clast 
 l-sd detritic clast 
 mt magnetite 
 ol olivine 
 plg plagioclase 
 po pyrrhotite 
 py pyrite 
 qz quartz 
 ser sericite (hydrothermal muscovite) 
 sl sphalerite 
 Sph sphene 
 wm white mica 
 zr zircon 
 
 
 
 
 
 Sample codes 
 YSF Superficial samples collected inside the 
Poderosa area (Cerro Charpas-Paraiso-
Papagayo-Vijus-El Tingo-El Cedro) 
 YLL Samples from La Lima deposits 
(La Lima 2 vein) 
 YPP Samples from Papagayo deposits 
(Mercedes & Karola veins) 
 YTN Samples from El Tingo and Consuelo 
deposits (Pencas piso, Luz & Consuelo 
veins) 
 YEX Samples collected outside the Poderosa 
area (Llaupuy, Pataz, Chagual, Laguna 
de Pias, Culebrillas, Retamas, Parcoy, 
Buldibuyo, Huaylillas) 
  
 Geological units 
 Sedimentary, metamorphic and volcanic series 
 Trj-p Pucará Group (Norian - Lias) 
 Ps-m Mitu Group 
(Middle Permian - Early Triassic) 
 Pi-c Copacabana Group (Early Permian) 
 Cs-t Tarma Group (Pennsylvanian) 
 Ci-a Ambo Group (Mississippian) 
 O-c Contaya Formation (Ordovician) 
 E-v Vijus Formation 
(Late Cambrian - Early Ordovician) 
 Pε-ph Marañón complex 
(Late Proterozoic - Early Cambrian) 
 Plutonic rocks 
 Tm-di Dioritic/monzodioritic bodies 
(middle Tertiary) 
 Ki?-and Andesite dikes (Early Cretaceous?) 
 K-por Porphyritic monzonite, tonalite stocks 
(Cretaceous) 
 C?-gb Gabbroic sills/dikes (Carboniferous?) 
 Cm-pb Pataz Batholith 
(Early-Middle Carboniferous) 
  
 Geochemical analysis types 
 alt alteration samples 
 d.o. disseminated ore 
 ore ore 
 r.e. rare earth elements 
 wr whole rock 
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Table II - Descriptive list of the studied rock, ore and alteration samples - YEX 01 to YEX 42. 
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Table II - (cont.) - YLL 09B to YPP 16E. 
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Table II - (cont.) - YPP 16F to YSF 25. 
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Table II - (cont.) - YSF 26 to YSF 70. 
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Table II - (cont.) - YSF 71 to YTN 34. 
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Appendix B. Whole Rock and Ore Geochemistry 
Table III -Whole rock geochemical analyses of plutonic rocks. Samples are from the Pataz Batholith (granitoids and late dikes, Cm-
pb), from gabbroic sills (C?-gb) in the Ambo Group and from small Cenozoic dioritic plutons (Tm-di). 
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Table IV - Whole rock geochemical analyses of volcanic rocks. Samples are from the Vijus Formation (E-v), the Ambo Group (Ci-
a), and the Cretaceous porphyritic monzonite stocks (K-por) and andesite dikes (Ki?-and). 
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Table V - Whole rock geochemical analyses of metasedimentary rocks. Samples are from the Upper Proterozoic-Lower Cambrian 
Marañón complex (Pε-ph), and from the Cambro-Ordovician Vijus (E-v) and Contaya (O-c) Formations. 
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Table VI - Multi-elemental geochemical analyses of some lithologies with disseminated ores from the Pataz area. 
  Sample  YSF 25 YSF 32 YSF 27 YEX 40 YEX 05 YEX 06  
  Rock (+ diss. ore)  phyllite (lim) quartz veinlets (py) granodiorite (po) quartz vein (lim, py) silicified rock (lim) altered rock (hm, lim)  
  Unit  Pε-ph Pε-ph Cm-pb? Cm-a Ps-m Ps-m  
 XRF Trace elements Nb 16 12 9 9 10 20  
  (ppm) Zr 173 252 134 122 58 33  
   Sr 139 140 93 124 36 22  
   Rb 229 119 150 86 21 33  
   Pb 26 52 56 29 33 62  
   Ga 28 19 17 18 5 16  
   Zn 73 67 93 19 33 39  
   Ni 11 <2 13 <2 2 12  
   Co 5 11 17 5 15 <2  
   V 323 56 113 137 29 20  
   Nd <3 32 24 26 35 <4  
   Ba 16311 971 1351 949 3 86  
 NAA Major elements Na 0.66 0.46 2.4 0.12 0.1 <0.05  
  (wt.%) Fe 2.9 3.5 2.7 1 7.3 8.4  
 NAA Trace elements Au 0.01 <0.005 0.025 0.008 0.066 0.16  
  (ppm) Sc 21.0 13.8 14.9 2 9.3 1.6  
   Cr 80 40 20 20 30 20  
   Co <5 14 6 <5 <5 6  
   Zn <50 80 50 <50 <50 <50  
   As 24 15 6 22 25 13  
   Se <5 <5 <5 <5 <5 <5  
   Br <1 1 <1 4 1 <1  
   Sb 3.4 3.4 0.6 0.6 0.5 0.9  
   Cs 12 12 3 <3 3 5  
   Hf 5 4 8 <1 4 2  
   Ta 1 <1 <1 <1 <1 <1  
   W <4 <4 <4 <4 10 26  
   Ir <0.02 <0.02 <0.02 <0.02 <0.02 <0.02  
   Hg <1 <1 <1 <1 <1 <1  
   Th 12 9.2 12 2.8 8.7 2.8  
   U 10.3 2.5 3.5 0.6 2.6 3.0  
 NAA Rare earth La 51 30 47 7 29 12  
  elements Ce 96 61 92 13 44 26  
  (ppm) Nd 50 20 40 <10 10 10  
   Sm 7.7 5.1 7.3 0.9 1.7 4.3  
   Eu 1.4 1.1 2.0 0.3 0.3 1.2  
   Tb 1.0 0.6 0.9 <0.5 <0.5 0.7  
   Yb 3.9 2.4 3.9 <0.5 0.5 1.4  
   Lu 0.59 0.36 0.58 0.05 0.05 0.18  
X-Ray Fluorescence (XRF), CAM, University of Lausanne, Switzerland 
Neutron Activation Analysis (NAA), XRAL Laboratories, Toronto, Canada 
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Table VII - Multi-elemental geochemical analyses of some auriferous ores from the Poderosa sector (Lima, Papagayo and El Tingo 
deposits). 
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  Sample  YLL 04 YLL 06 YLL 15  YPP 12 YPP 14 YPP 15 YPP 20  YPP 21  YTN 06 YTN 07 YTN 09  YTN 17  YSF 48  
 XRF Trace elements Nb 13 <3 13  10 12 9 9  10  <3 7 <3  7  <3  
  (ppm) Zr 15 41 16  12 18 18 28  18  42 18 40  99  46  
   Sr 5 5 19  7 3 1 121  1  3 4 <1  4  62  
   U 8 <2 11  8 <2 <2 8  1  <2 2 <2  7  <2  
   Rb 10 16 10  10 17 12 29  15  <1 19 25  87  49  
   Pb 915 - 585  162 - - 228  520  - 1479 -  97  -  
   Ga <1 - 8  4 - - 15  4  - 6 -  17  -  
   Zn - - 1039  56 - - 428  1603  - 32 -  91  -  
   Ni 14 <2 180  3 <2 <2 28  <2  <2 <2 <2  <2  86  
   Co 12 9 20  67 55 9 54  21  7 6 3  18  <2  
   V 6 <3 16  16 8 <3 152  5  <3 6 <3  106  27  
   Nd <3 <3 <3  <3 <3 <3 <3  <3  <3 <3 <3  23  <3  
   Ba <3 <3 4  <3 <3 <3 80  <3  <3 14 <3  201  9575  
 NAA Major elements Na <0.05 <0.05 <0.05  <0.05 - <0.05 <0.05  -  <0.05 <0.05 -  <0.05  <0.05  
  (wt.%) Fe 14.5 4.5 27.6  14.5 17.2 7.7 28.0  6.6  2.3 1.0 8.6  5.4  19.0  
 NAA Trace elements Au 34 76 29  12 500 36 15  14  3.8 89 200  3.5  2.8  
  (ppm) Sc <0.1 0.3 1.6  0.4 0.2 <0.1 9.2  0.5  <0.1 0.5 <0.1  4.8  1.9  
   Cr <20 <20 50  40 <20 <20 20  50  10 30 <20  10  <20  
   Co 13 <5 43  110 92 5 99  5  <5 <5 <5  16  23  
   Zn 34000 740 1100  <50 1800 24000 280  720  11000 <50 51000  50  44000  
   As 28000 4800 27000  1400 3300 12000 1400  56000  1000 5500 27000  610  2200  
   Se <5 <5 <5  <5 <20 <20 <5  <20  <5 <5 <20  <5  <5  
   Br <1 3 <1  2 <5 2 <1  <5  3 4 <5  1  <1  
   Sb 33 10 53  1.4 5.2 8.9 1.2  22  230 4.0 190  0.7  430  
   Cs <3 <3 <3  <3 <3 <3 <3  <3  <3 <3 <3  <3  <3  
   Hf <1 <1 <1  <1 <1 <1 <1  <1  <1 <1 <1  4  <1  
   Ta <1 <1 <1  <1 <1 <1 <1  <1  <1 <1 <1  1  3  
   W <4 <4 <4  <4 - <4 <4  -  <4 <4 -  14  13  
   Ir <0.02 <0.02 <0.02  <0.02 <0.02 <0.02 <0.02  <0.02  <0.02 <0.02 <0.02  <0.02  <0.02  
   Hg <1 <1 <1  <1 <1 <1 <1  <1  <1 <1 <1  <1  <1  
   Th <2.0 <2.0 <2.0  <0.5 <2.0 <2.0 <2.0  <2.0  <0.5 <2.0 <2.0  9.0  <2.0  
   U <2.0 <2.0 <2.0  <0.5 <5.0 <2.0 <2.0  <5.0  1.4 <2.0 <5.0  3.4  <2.0  
 NAA Rare earth La <1 <1 <1  9 <1 <1 7  <1  <1 8 <1  34  6  
  elements Ce <3 <3 <3  15 <3 <3 13  <3  <3 15 <3  67  4  
  (ppm) Nd <10 <10 <10  <10 <10 <10 <10  <10  <10 <10 <10  20  <10  
   Sm <0.5 <0.5 <0.5  1.1 <0.5 <0.5 1.1  <0.5  <0.5 0.5 <0.5  4.5  <0.5  
   Eu 0.4 0.2 0.3  0.5 0.4 <0.2 1.2  0.3  <0.2 0.6 0.4  0.6  0.4  
   Tb <0.5 <0.5 <0.5  <0.5 <0.5 <0.5 <0.5  <0.5  <0.5 <0.5 <0.5  0.6  <0.5  
   Yb - - -  0.4 - - -  -  0.3 - -  2.1  -  
   Lu - - -  <0.05 - - -  -  <0.05 - -  0.31  -  
 ICP Major elements Na <0.01 0.02 <0.01  0.01 <0.01 0.01 <0.01  <0.01  0.02 <0.01 0.01  0.16  0.02  
  (wt.%) Mg 0.01 <0.01 0.64  0.1 0.06 <0.01 1.72  0.02  <0.01 0.06 <0.01  0.48  0.08  
   Al 0.01 <0.01 0.64  0.1 0.06 <0.01 3.08  0.32  0.09 0.57 0.04  4.59  0.08  
   P  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 0.02  <0.01  <0.01 <0.01 <0.01  0.02  0.01  
   K 0.02 0.04 0.18  0.08 <0.01 0.04 0.57  0.18  0.05 0.27 <0.01  2.42  0.57  
   Ca 0.53 0.49 2.43  0.58 0.22 0.02 0.89  <0.01  <0.01 0.16 <0.01  0.21  0.03  
   Ti <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 0.21  <0.01  <0.01 0.01 <0.01  0.08  0.02  
   Fe 19.1 5.25 32.9  14.3 20 8.91 27.2  7.4  2.58 1.16 10.3  5.81  21.4  
 ICP Trace elements Be <0.5 <0.5 0.7  <0.5 <0.5 <0.5 0.7  <0.5  <0.5 <0.5 <0.5  1.4  0.6  
  (ppm) Sc <0.5 <0.5 <0.5  <0.5 <0.5 <0.5 6.5  <0.5  <0.5 0.6 <0.5  4  <0.5  
   V 19 13 40  26 21 9 120  9  8 4 16  86  50  
   Cr 16 11 41  17 21 9 26  34  10 12 10  8  20  
   Mn 54 28 490  126 70 16 668  18  11 80 51  337  489  
   Co 16 6 52  101 97 3 94  2  6 3 6  15  26  
   Ni 8 <1 74  7 2 6 15  <1  <1 2 <1  2  53  
   Cu 379 72.7 51.9  20.6 85.1 225 80.7  15.6  18.9 1.8 46.6  11.6  381  
   Zn >10000 1020 636  39.5 2420 >10000 292  854  >10000 34.4 >10000  85  >10000  
   Sr 1.9 2.1 13.8  3.5 1.3 <0.5 81.6  <0.5  <0.5 1.7 <0.5  3.5  8.1  
   Y 3.5 2.5 3.5  1.6 <0.5 0.5 6.7  <0.5  1.5 2.8 1.8  9.2  3.2  
   Mo <1 4 <1  <1 <1 <1 <1  <1  3 <1 3  <1  4  
   Ag 12.6 23.2 9.9  2 >100 28.2 5.2  5  >100 8.4 >100  0.5  >100  
   Cd 297 <1 <1  <1 15 287 <1  <1  161 <1 942  <1  544  
   Sn <10 <10 <10  <10 <10 <10 <10  <10  <10 <10 <10  <10  45  
   Pb 745 66000 436  101 7280 7940 145  358  66000 1430 72000  110  57000  
   Bi 8 <5 6  17 <5 40 31  <5  <5 <5 <5  12  <5  
 AAS Trace elements Ag 13.9 22.9 10.4  2.5 174 29 5.9  6.1  213 26.6 286  2.2  392  
 GFAA (ppm) Te - - -  - 0.3 - -  -  0.1 - 3.2  -  1.0  
X-Ray Fluorescence (XRF), CAM, University of Lausanne, Switzerland 
Neutron Activation Analysis (NAA), XRAL Laboratories, Toronto, Canada 
Inductively Coupled Plasma emission spectrometry (ICP), XRAL Laboratories, Toronto, Canada 
Atomic Absorption Spectrophotometry (AAS), XRAL Laboratories, Toronto, Canada 
Graphite Furnace Atomic Absorption (GFAA), XRAL Laboratories, Toronto, Canada 
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Table VIII - Multi-elemental geochemical analyses of some auriferous ores from the Consuelo and Santa Maria deposits and of 
selected mineralized samples from deposits in the Parcoy district. 
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  Sample  YTN 18 YTN 19 YTN 20 YTN 24 YTN 25  YEX 11 YEX 12 YEX 14 YEX 74  YEX 02 YEX 22 YEX 23  YEX 28  YEX 63  
 XRF Trace elements Nb 8 <3 5 <1 7  12 10 9 16  6 9 <3  13  14  
  (ppm) Zr 30 41 18 57 26  25 29 32 21  27 35 85  13  19  
   Sr 11 9 11 <1 <1  5 3 41 23  2 1 29  2  18  
   U <2 <2 5 <2 10  <2 <2 <2 10  <2 <2 10  6  12  
   Rb 16 33 29 413 37  11 15 22 34  50 32 137  9  31  
   Pb - - 120 - -  - - - -  - - 47  122  231  
   Ga - - 6 - -  - - - -  - - 12  1  16  
   Zn - - 52 - -  1572 915 - -  - - 21  83  49  
   Ni 9 74 47 <2 24  59 52 30 <2  <2 <2 <2  <2  18  
   Co 8 3 19 5 <2  20 15 8 10  8 6 44  13  9  
   V 4 13 42 <2 9  9 3 27 52  5 3 48  5  65  
   Nd <3 <3 <3 96 <4  <3 <3 <3 <4  <3 <3 18  <3  <4  
   Ba <3 <3 6 <9 <9  <3 <3 <3 21  73 44 329  <3  183  
 NAA Major elements Na <0.05 <0.05 <0.05 0.38 0.12  <0.05 <0.05 <0.05 0.18  <0.05 <0.05 <0.05  <0.05  <0.05  
  (wt.%) Fe 11.5 11.4 3.2 12.7 27.6  23.0 16.3 19.6 18.1  5.5 17.5 3.0  16.8  12.8  
 NAA Trace elements Au 12 45 1.4 8.7 10  25 100 140 33  18 140 0.29  30  12  
  (ppm) Sc <0.1 1.4 7.3 <1 <1  <0.2 0.1 1.7 6  1.0 1.0 7.8  0.2  2  
   Cr <20 <20 210 <10 <10  <20 <20 <20 <10  <20 20 10  20  20  
   Co 6 <5 19 <5 8  40 23 9 7  <5 13 55  14  7  
   Zn 8500 61000 <50 >10000 >10000  520 470 26000 6300  4500 25000 <50  70  90  
   As 14000 25000 16000 3100 4600  22000 4100 17000 46000  6100 7500 280  5300  3700  
   Se <5 <5 <5 <5 <5  <5 <5 <5 <5  <5 <5 <5  <5  <5  
   Br 4 4 <1 4 <1  <1 <1 <1 <1  <1 <1 1  2  3  
   Sb 100 210 13 1400 160  58 68 59 270  5.7 30 1.3  7.6  6.4  
   Cs <3 <3 <3 <3 <3  5 <3 <3 10  <3 <3 3  <3  <3  
   Hf <1 <1 <1 <1 <1  <1 <1 <1 <1  <1 <2 2  <1  <1  
   Ta <1 <1 <1 <1 <1  <1 <1 <1 <1  <1 <1 <1  <1  <1  
   W <4 20 <4 <4 <4  <4 <4 <4 270  <4 <4 4  <4  <4  
   Ir <0.02 <0.02 <0.02 <0.02 <0.02  <0.02 <0.02 <0.02 <0.02  <0.02 <0.02 <0.02  <0.02  <0.02  
   Hg <1 <1 <1 <1 <1  <1 <1 <1 <1  <1 <1 <1  <1  <1  
   Th <2.0 <2.0 <2.0 <0.5 <0.5  <2.0 <2.0 <2.0 <0.5  <2.0 <2.0 5.3  <2.0  1.2  
   U <2.0 <2.0 <2.0 <0.5 <0.5  <2.0 <2.0 <2.0 4.8  <2.0 <2.0 5.1  <2.0  1.6  
 NAA Rare earth La <1 <1 4 <1 <1  3 <1 1 2  4 4 18  <1  3  
  elements Ce <3 <3 5 <3 <3  <3 <3 <3 -  60 7 36  <3  4  
  (ppm) Nd <10 <10 <10 <10 <10  <10 <10 <10 -  <10 <10 20  <10  <10  
   Sm <0.5 <0.5 <0.5 <0.5 <0.5  <0.5 <0.5 <0.5 <0.5  0.7 0.9 3.7  <0.5  0.6  
   Eu 0.4 0.2 0.3 <0.2 <0.2  0.5 0.3 0.4 1.3  0.4 0.7 0.7  0.3  0.2  
   Tb <0.5 <0.5 <0.5 <0.5 <0.5  <0.5 <0.5 <0.5 <0.5  <0.5 <0.5 0.7  <0.5  <0.5  
   Yb - - - 1.7 <0.5  - - - <0.5  - - 2.8  -  0.6  
   Lu - - - <0.05 <0.05  - - - <0.05  - - 0.4  -  0.06  
 ICP Major elements Na 0.02 0.02 0.02 0.02 0.02  <0.01 <0.01 <0.01 0.02  0.02 0.01 0.03  <0.01  0.03  
  (wt.%) Mg 0.09 0.56 0.61 0.06 0.09  0.03 <0.01 0.39 0.06  0.08 0.04 0.26  <0.01  0.83  
   Al 0.06 0.45 1.25 0.02 0.01  0.05 0.02 0.42 0.81  1.77 0.77 3.92  0.08  1.02  
   P  <0.01 <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 0.02  <0.01  <0.01  
   K 0.02 0.11 0.72 0.01 <0.01  0.01 <0.01 0.21 0.44  1.06 0.43 2.38  0.04  0.32  
   Ca 0.18 0.75 1.73 0.13 0.28  1.08 <0.01 3.49 0.02  <0.01 0.01 2.61  <0.01  0.74  
   Ti <0.01 <0.01 0.03 <0.01 <0.01  <0.01 <0.01 <0.01 0.05  0.01 <0.01 0.08  <0.01  0.03  
   Fe 13.7 15 3.81 14.2 26.1  26 17.8 22.2 19.9  6.39 17.3 3.07  17.6  13.4  
 ICP Trace elements Be <0.5 <0.5 <0.5 1.1 2.3  <0.5 <0.5 <0.5 1.7  0.8 <0.5 1.2  <0.5  1.6  
  (ppm) Sc <0.5 <0.5 6.9 <0.5 <0.5  <0.5 <0.5 <0.5 3.4  <0.5 <0.5 7  <0.5  0.7  
   V 14 36 39 18 34  28 17 35 62  7 16 40  18  66  
   Cr 16 65 116 9 7  10 16 19 22  6 7 9  10  16  
   Mn 103 310 427 279 632  144 14 913 43  9 29 306  9  301  
   Co 6 15 17 5 8  44 22 11 3  1 10 52  13  8  
   Ni 15 47 113 <1 4  49 60 7 <1  <1 <1 2  <1  21  
   Cu 128 400 8.6 135 469  250 127 1650 1660  158 573 28.7  203  42.2  
   Zn >10000 >10000 63.1 >10000 >10000  875 601 >10000 7080  5970 >10000 11.1  57.5  86.8  
   Sr 4.6 2.8 7.6 0.9 1.9  1.9 <0.5 25.6 19.2  <0.5 <0.5 23.8  <0.5  12  
   Y <0.5 2.7 2.6 <0.5 0.5  0.6 <0.5 7 1.2  1.2 2.1 14.2  <0.5  3.2  
   Mo <1 3 1 <1 <1  <1 <1 <1 <1  <1 <1 3  <1  3  
   Ag 83.4 >100 2.3   >100   >100  58.1 >100 >100   >100  6.2 76 0.8  5  3.4  
   Cd 85 775 <1 415 1100  <1 <1 332 104  30 172 <1  <1  1  
   Sn <10 <10 <10 <10 36  11 14 <10 <10  <10 <10 <10  <10  <10  
   Pb 36380 73000 63 87790 39850  21170 30670 29520 7440  7330 35750 33  65  230  
   Bi 6 <5 <5 <5 <5  10 12 <5 -  <5 8 8  9  <5  
 AAS Trace elements Ag 82 204 1.4 1195 117  51.3 112 134 159  8 85 0.8  6.7  2.5  
 GFAA (ppm)  - - - - -  - - 2.0 -  - - -  -  -  
X-Ray Fluorescence (XRF), CAM, University of Lausanne, Switzerland 
Neutron Activation Analysis (NAA), XRAL Laboratories, Toronto, Canada 
Inductively Coupled Plasma emission spectrometry (ICP), XRAL Laboratories, Toronto, Canada 
Atomic Absorption Spectrophotometry (AAS), XRAL Laboratories, Toronto, Canada 
Graphite Furnace Atomic Absorption (GFAA), XRAL Laboratories, Toronto, Canada 
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Table IX - Multi-elemental geochemical analyses of four alteration perfiles through gold lodes. 
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Appendix C. Microprobe analyses 
Table X - Microprobe parameters used for the analyses of carbonate minerals, silicate minerals and arsenopyrite. 
  Carbonate minerals K-feldspar Hornblende Biotite, muscovite Arsenopyrite  
 V (kV) 15 15 15 15 15  
 I (nA) 8 15 15 15 20  
 Mag K 10’000 200'000 100'000 100'000 200’000  
 Si  Ort 2 Hb 1 Hb 1   
 Ti   MnTi MnTi   
 Cr   Cr2O Cr2O   
 Al  Byt 1 Ort 2 Ort 2   
 Fe Bio Opx 1 Andr Andr Pyr 1  
 Mn Rho  MnTi MnTi   
 Mg Dol Opx 1 Opx 1 Opx 1   
 Sr Cel      
 Ba  Ben 1 Ben 1 Ben 1   
 Ca Calc Byt 1 Hb 1 Hb 1   
 Na  Alb 4 Sca 3 Sca 3   
 K  Ort 2 Ort 2 Ort 2   
 Cl   Sca 3 Sca 3   
 F   Apa 1 Apa 1   
 S     Pyr 1  
 Co     Co  
 Cu     CuS (NM)  
 Zn     ZnS  
 As     GaAs  
 
Table XI - Representative analyses of hydrothermal ankerite. Mineral formulae are on the basis of 1 cation. 
 Sample  YLL 16  YPP 28  YPP 29  YEX 60  YEX 25  
 Mineral  Ankerite  Ankerite  Ankerite  Ankerite  Ankerite  
 Vein, deposit La Lima 2, La Lima  Mercedes, Papagayo  “unnamed” vein, Papagayo  Maria Rosa, Santa Maria  Virgen Maria, Culebrillas  
 Point #  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  
 Oxides FeO 15.62 11.86 13.18  15.35 16.55 13.87  9.94 16.09 16.66  9.03 9.39 8.44  15.36 15.64 15.37  
 (wt.%) MnO 0.98 0.56 0.91  0.70 1.23 0.50  1.64 0.49 0.54  1.33 1.38 2.37  0.73 0.64 0.73  
  MgO 10.05 12.47 11.68  9.22 7.49 10.19  12.32 9.01 8.51  13.87 11.81 14.01  8.57 8.72 7.82  
  CaO 29.08 29.77 29.51  30.25 30.20 30.55  31.01 30.42 30.04  30.55 32.22 30.08  30.98 30.38 31.79  
  CO2 43.96 44.59 44.55  43.63 42.78 43.91  44.89 43.87 43.40  45.47 44.79 45.54  43.53 43.33 43.35  
  Total 99.68 99.25 99.82  99.14 98.25 99.02  99.79 99.87 99.14  100.25 99.59 100.45  99.17 98.71 99.07  
 Cations Fe2+ 0.218 0.163 0.181  0.215 0.237 0.193  0.136 0.225 0.235  0.122 0.128 0.113  0.216 0.221 0.217  
  Mn2+ 0.014 0.008 0.013  0.010 0.018 0.007  0.023 0.007 0.008  0.018 0.019 0.032  0.010 0.009 0.010  
  Mg2+ 0.250 0.305 0.286  0.231 0.191 0.253  0.300 0.224 0.214  0.333 0.288 0.336  0.215 0.220 0.197  
  Ca2+ 0.519 0.524 0.520  0.544 0.554 0.546  0.542 0.544 0.543  0.527 0.565 0.518  0.558 0.550 0.575  
  M site 1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  
  C 1 1 1  1 1 1  1 1 1  1 1 1  1 1 1  
  O 3 3 3  3 3 3  3 3 3  3 3 3  3 3 3  
 
Table XII - Representative analyses of hydrothermal dolomite. Mineral formulae are on the basis of 1 cation. 
 Sample  YTN 27  YTN 29  YEX 25  YTN 23  YTN 29  
 Mineral  Dolomite  Dolomite  Dolomite  Dolomite - Ankerite  Dol.-Calc.  
 Vein, deposit Consuelo, Consuelo  Consuelo, Consuelo  Maria Rosa, Santa Maria  Consuelo, Consuelo  Consuelo  
 Point #  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1  
 Oxides FeO 4.82 4.95 5.20  4.10 4.82 4.69  9.21 5.19 10.13  2.09 2.93 2.86  2.43  
 (wt.%) MnO 1.89 1.02 0.65  3.16 0.85 1.00  0.58 0.95 0.52  1.25 1.52 2.21  0.39  
  MgO 16.66 17.09 17.63  16.74 17.53 17.85  14.19 17.06 13.43  9.48 14.80 13.87  9.92  
  CaO 30.57 30.63 30.37  30.01 30.52 29.39  30.00 30.22 30.16  41.99 34.91 35.14  42.07  
  CO2 46.29 46.36 46.67  46.30 46.57 46.04  45.04 46.10 44.86  45.35 46.29 45.84  45.58  
  Total 100.22 100.04 100.51  100.31 100.30 98.95  99.02 99.51 99.09  100.15 100.44 99.92  100.39  
 Cations Fe2+ 0.064 0.065 0.068  0.054 0.063 0.062  0.125 0.069 0.138  0.028 0.039 0.038  0.033  
  Mn2+ 0.025 0.014 0.009  0.042 0.011 0.013  0.008 0.013 0.007  0.017 0.020 0.030  0.005  
  Mg2+ 0.393 0.402 0.412  0.395 0.411 0.423  0.344 0.404 0.327  0.228 0.349 0.330  0.238  
  Ca2+ 0.518 0.518 0.511  0.509 0.514 0.501  0.523 0.514 0.528  0.727 0.592 0.602  0.724  
  M site 1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000  
  C 1 1 1  1 1 1  1 1 1  1 1 1  1  
  O 3 3 3  3 3 3  3 3 3  3 3 3  3  
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Table XIII - Representative analyses of hydrothermal calcite. Mineral formulae are on the basis of 1 cation. 
 Sample  YLL 09B  YLL 16  YTN 16  YTN 20  
 Mineral  Calcite  Calcite  Calcite  Calcite  
 Vein, deposit La Lima 2, La Lima  La Lima 2, La Lima  Pencas piso, El Tingo  Consuelo, Consuelo  
 Point #  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  
 Oxides FeO 0.64 0.09 0.45  1.19 0.59 0.59  0.33 0.45 0.30  0.04 0.07 0.14  
 (wt.%) MnO 1.91 0.49 1.75  0.85 0.41 0.72  0.76 1.04 0.88  0.13 0.91 0.94  
  MgO 0.34 0.05 0.17  0.73 0.17 0.30  0.05 0.07 0.05  0.03 0.33 0.29  
  CaO 52.50 54.96 54.01  51.91 53.93 54.00  54.18 53.53 54.57  55.58 53.77 53.58  
  CO2 43.15 43.55 43.93  42.79 43.12 43.51  43.25 43.01 43.61  43.76 43.18 43.03  
  Total 98.55 99.14 100.31  97.47 98.22 99.12  98.57 98.11 99.42  99.54 98.27 97.97  
 Cations Fe2+ 0.009 0.001 0.006  0.017 0.008 0.008  0.005 0.006 0.004  0.000 0.001 0.002  
  Mn2+ 0.027 0.007 0.025  0.012 0.006 0.010  0.011 0.015 0.012  0.002 0.013 0.014  
  Mg2+ 0.009 0.001 0.004  0.019 0.004 0.008  0.001 0.002 0.001  0.001 0.008 0.007  
  Ca2+ 0.955 0.990 0.965  0.952 0.981 0.974  0.983 0.977 0.982  0.997 0.977 0.977  
  M site 1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  
  C 1 1 1  1 1 1  1 1 1  1 1 1  
  O 3 3 3  3 3 3  3 3 3  3 3 3  
 
 Sample  YTN 23  YEX 59  YEX 60  YEX 25  
 Mineral  Calcite  Calcite  Calcite  Calcite  
 Vein, deposit Consuelo, Consuelo  Maria Rosa, Santa Maria  Maria Rosa, Santa Maria  Virgen Maria, Culebrillas  
 Point #  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  # 1 # 2 # 3  
 Oxides FeO 0.61 0.38 0.79  0.37 0.35 0.26  0.54 1.03 0.31  0.46 0.42 0.53  
 (wt.%) MnO 1.28 0.94 1.32  0.80 0.35 0.55  0.48 1.02 0.57  0.55 0.51 0.52  
  MgO 2.49 0.55 3.79  0.11 0.09 0.12  0.19 0.60 0.22  0.08 0.05 0.06  
  CaO 51.49 53.62 48.75  54.59 54.95 54.97  54.95 53.17 54.17  54.70 54.80 54.49  
  CO2 44.29 43.50 43.69  43.69 43.66 43.77  43.96 43.65 43.29  43.64 43.63 43.47  
  Total 100.16 98.99 98.34  99.56 99.40 99.68  100.12 99.47 98.56  99.43 99.41 99.06  
 Cations Fe2+ 0.008 0.005 0.011  0.005 0.005 0.004  0.008 0.014 0.004  0.006 0.006 0.007  
  Mn2+ 0.018 0.013 0.019  0.011 0.005 0.008  0.007 0.014 0.008  0.008 0.007 0.007  
  Mg2+ 0.061 0.014 0.095  0.003 0.002 0.003  0.005 0.015 0.006  0.002 0.001 0.002  
  Ca2+ 0.912 0.967 0.876  0.981 0.988 0.986  0.981 0.956 0.982  0.984 0.986 0.984  
  M site 1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000  
  C 1 1 1  1 1 1  1 1 1  1 1 1  
  O 3 3 3  3 3 3  3 3 3  3 3 3  
 
Table XIV - Representative analyses of an 40Ar/39Ar dated K-feldspar separate from a Cretaceous porphyritic monzonite stock (K-
por). Mineral formulae are on the basis of 8 oxygens. 
 Sample  YSF 45  
 Mineral  Orthoclase  
 Host rock  Porphyritic monzonite  
 Point #  # 1 # 2 # 3  
 Oxides SiO2 64.72 64.83 64.67  
 (wt.%) Al2O3 18.69 18.70 18.63  
  FeO tot 0 0.05 0.02  
  BaO 0.38 0.16 0.32  
  CaO 0 0 0  
  Na2O 0.37 0.35 0.22  
  K2O 16.01 16.36 15.79  
  Total 100.18 100.46 99.65  
 Cations Si4+ 2.989 2.987 2.996  
  Al3+ 1.017 1.016 1.017  
  T site 4.006 4.003 4.013  
  Fetot 0 0.002 0.001  
  Ba2+ 0.007 0.003 0.006  
  Ca2+ 0 0 0  
  Na+ 0.033 0.031 0.020  
  K+ 0.943 0.961 0.933  
  A site 0.983 0.998 0.959  
  O 8 8 8  
  An % 0.0 0.0 0.0  
  Ab % 3.4 3.2 2.0  
  Or % 96.6 96.8 98.0  
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Table XV - Representative analyses of 40Ar/39Ar dated hornblende separates from the Pataz Batholith. Mineral formulae are on the 
basis of 13 cations except Ca, Na and K. 
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Table XVI - Representative analyses of 40Ar/39Ar dated mica separates from the Pataz Batholith. Mineral formulae are on the basis of 
11 oxygen equivalents ignoring H2O. 
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Table XVII - Representative analyses of 40Ar/39Ar dated muscovite separates from the gold-bearing quartz veins. Mineral formulae 
are on the basis of 11 oxygen equivalents ignoring H2O. 
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Table XVIII - Representative analyses of euhedral arsenopyrite from the Pataz ores. 
 Sample  YTN 10  YPP 16F  YTN 19  
 Mineral  Arsenopyrite I  Arsenopyrite I  Arsenopyrite I  
 Vein, deposit Pencas piso, El Tingo  Mercedes, Papagayo  Consuelo, Consuelo  
 Point #  # 1 # 2 # 3 # 4 # 5  # 1 # 2 # 3 # 4 # 5  # 1 # 2 # 3  
 Metals Fe 35.47 35.07 35.26 34.75 35.63  35.31 35.04 34.85 35.63 35.06  35.28 35.50 35.84  
 (wt.%) As 42.44 42.94 42.90 41.92 42.11  42.42 41.58 42.71 41.47 43.25  42.68 42.12 41.88  
  Co 0.02 0.01 0.00 0.05 0.04  0.07 0.05 0.03 0.05 0.03  0.01 0.06 0.07  
  Cu 0.00 0.00 0.04 0.00 0.00  0.00 0.00 0.00 0.00 0.00  0.02 0.00 0.01  
  Zn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00  
  S 22.00 21.75 21.92 21.99 22.10  21.55 21.83 21.10 22.27 20.93  21.44 22.12 22.43  
  Total 99.92 99.78 100.13 98.73 99.88  99.35 98.50 98.69 99.43 99.26  99.42 99.80 100.23  
 Metals Fe 33.64 33.41 33.43 33.30 33.75  33.78 33.66 33.68 33.81 33.78  33.77 33.65 33.74  
 (at.%) As a 30.00 30.49 30.32 29.94 29.74  30.25 29.77 30.77 29.34 31.06  30.46 29.77 29.39  
  Co 0.02 0.01 0.00 0.05 0.03  0.07 0.04 0.03 0.04 0.03  0.01 0.06 0.07  
  Cu 0.00 0.00 0.04 0.00 0.00  0.00 0.00 0.00 0.00 0.00  0.02 0.00 0.01  
  Zn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00  
  S 36.34 36.09 36.21 36.71 36.48  35.91 36.52 35.53 36.81 35.13  35.75 36.53 36.79  
a at.% As of 28 analytical points - average ±σ: 30.0 ±0.5, range: 29.0 to 31.1. 
 
Table XIX - Representative analyses of arsenopyrite in intergrowth with pyrite from the Pataz ores. 
 Sample  YTN 19  YEX 21D  
 Mineral  Arsenopyrite I in intergrowths with pyrite I  Arsenopyrite I in intergrowths with pyrite I  
 Vein, deposit Consuelo, Consuelo  Picaflor, Culebrillas  
 Point #  # 1 # 2 # 3 # 4 # 5  # 1 # 2 # 3 # 4 # 5  
 Metals Fe 35.64 35.78 35.78 35.46 35.13  35.76 35.45 35.81 35.63 35.59  
 (wt.%) As 41.16 41.18 42.18 41.83 43.80  41.66 41.81 41.86 43.22 43.13  
  Co 0.05 0.06 0.00 0.07 0.04  0.02 0.04 0.02 0.06 0.02  
  Cu 0.00 0.00 0.01 0.00 0.00  0.02 0.00 0.00 0.00 0.00  
  Zn 0.00 0.00 0.00 0.02 0.00  0.00 0.00 0.00 0.00 0.00  
  S 22.70 22.85 21.69 22.30 20.85  22.40 22.21 22.19 21.43 21.46  
  Total 99.55 99.87 99.68 99.67 99.83  99.86 99.50 99.89 100.34 100.20  
 Metals Fe 33.65 33.65 34.07 33.59 33.73  33.77 33.65 33.87 33.85 33.85  
 (at.%) As a 28.97 28.87 29.94 29.54 31.35  29.34 29.59 29.53 30.62 30.58  
  Co 0.04 0.05 0.00 0.06 0.04  0.01 0.03 0.02 0.05 0.01  
  Cu 0.00 0.00 0.01 0.00 0.00  0.02 0.00 0.00 0.00 0.00  
  Zn 0.00 0.00 0.00 0.02 0.00  0.00 0.00 0.00 0.00 0.00  
  S 37.33 37.43 35.98 36.79 34.88  36.85 36.72 36.58 35.48 35.56  
a at.% As of 14 analytical points - average ±σ: 29.6 ±0.8, range: 28.6 to 31.4. 
 
Table XX - Representative analyses of small scalenoedric arsenopyrite from the Pataz ores. 
 Sample  YTN 19  YEX 21D  
 Mineral  Arsenopyrite II  Arsenopyrite II  
 Vein, deposit Consuelo, Consuelo  Picaflor, Culebrillas  
 Point #  # 1 # 2 # 3 # 4 # 5  # 1 # 2 # 3 # 4 # 5  
 Metals Fe 35.64 35.78 34.90 35.36 35.13  35.76 35.45 35.61 35.20 35.59  
 (wt.%) As 41.16 41.18 42.14 40.77 43.80  41.66 41.81 41.34 42.76 43.13  
  Co 0.05 0.06 0.03 0.05 0.04  0.02 0.04 0.06 0.07 0.02  
  Cu 0.00 0.00 0.00 0.00 0.00  0.02 0.00 0.08 0.02 0.00  
  Zn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00  
  S 22.70 22.85 22.12 23.06 20.85  22.40 22.21 22.76 21.66 21.46  
  Total 99.55 99.87 99.19 99.24 99.83  99.86 99.50 99.85 99.72 100.20  
 Metals Fe 33.65 33.63 33.28 33.37 33.37  33.75 33.61 33.53 33.55 33.58  
 (at.%) As a 30.16 28.96 29.95 28.68 29.42  28.04 30.23 29.02 30.39 28.77  
  Co 0.02 0.05 0.03 0.05 0.01  0.03 0.06 0.06 0.07 0.04  
  Cu 0.00 0.03 0.00 0.00 0.00  0.02 0.01 0.06 0.02 0.03  
  Zn 0.00 0.00 0.00 0.00 0.04  0.00 0.00 0.00 0.00 0.00  
  S 36.16 37.33 36.74 37.91 37.16  38.15 36.09 37.33 35.98 37.58  
a at.% As of 18 analytical points - average ±σ: 29.5 ±0.7, range: 28.0 to 30.4. 
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Appendix D. Stable and radiogenic isotope analyses 
Table XXI - Summary table of stable isotope data (δD, δ18O, δ13C, δ34S) on ore, gangue and alteration minerals of the Pataz 
auriferous veins, and on magmatic micas of the Pataz Batholith. 
    Sample # Vein, deposit        δD (‰, SMOW)             -------------------------- δ18O (‰, SMOW) ---------------------       δ13C (‰, PDB)            ---------------- δ34S (‰, CDT) -------------  
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  Veins hosted by the Pataz Batholith                   
 YLL 13 La Lima 2, La Lima   -57    9.3  7.5 10.9     -8.5        
 YLL 16 La Lima 2, La Lima     9.1        -5.3          
 YPP 13 Mercedes, Papagayo   -60      9.0              
 YPP 15 Mercedes, Papagayo                    -1.7   
 YPP 16E Mercedes, Papagayo                 2.3 1.9  -1.3 0.9  
 YPP 27 Mercedes, Papagayo     9.1        -5.4          
 YPP 28 Mercedes, Papagayo     8.9        -5.3          
 YPP 29 “unnamed vein”, Papagayo   9.8        -5.2       1.9 3.7  
 YTN 04 Pencas piso, El Tingo                    0.8 2.9  
 YTN 09 Pencas piso, El Tingo                    0.8 2.8  
 YTN 10 Pencas piso, El Tingo                 3.2 3.2     
 YTN 14A Pencas piso, El Tingo   -39                    
 YTN 14B Pencas piso, El Tingo                    0.5 2.3  
 YTN 14D Pencas piso, El Tingo   -51       14.0 13.4            
 YTN 14E Pencas piso, El Tingo   -45      9.9              
 YTN 16 Pencas piso, El Tingo   -57      9.0              
 YTN 19 Consuelo, Consuelo                 2.7 2.5  0.3 2.2  
 YTN 20 Consuelo, Consuelo   -47      9.3 14.2 13.7            
 YTN 25 Consuelo, Consuelo                    -0.4 1.4  
 YTN 29 Consuelo, Consuelo      12.6        -7.6         
 YTN 34 Consuelo, Consuelo                    0.4 2.2  
 YEX 11 Irma, Santa Maria                    0.1   
 YEX 12 Irma, Santa Maria                    -0.4   
 YEX 21A Picaflor, Culebrillas   -49                    
 YEX 21B Picaflor, Culebrillas   -51      7.7 10.9 11.7            
 YEX 21C Picaflor, Culebrillas   -46                    
 YEX 21D Picaflor, Culebrillas                 3.5 3.2     
 YEX 24 Picaflor, Culebrillas                    0.9   
 YEX 60 Maria Rosa, Santa Maria    9.9        -5.6          
 YEX 63 Picaflor, Culebrillas                   2.5 0.7 2.8  
  Veins hosted by the Contaya Formation                    
 YLL 09B La Lima 2, La Lima       7.5        -8.3        
 YLL 10 La Lima 2, La Lima   -54    7.5  7.9 12.8     -8.5        
 YEX 01 Nva Porfia, Santa Maria                   -0.5 2.4  
 YEX 14 Maria Rosa, Santa Maria                 0.7  -2.1 0.4  
 YEX 19 Irma, Santa Maria                       
 YEX 22 Inca, Culebrillas   -43      7.3 11.6 11.8        2.5 0.3 2.9  
 YEX 59 Maria Rosa, Santa Maria                 -0.1     
  Veins hosted by the Marañón complex                    
 YSF 47 Carhuacoto, Estrella                    -0.8 2.9  
 YSF 48 Carhuacoto, Estrella                    1.8 2.9  
  Pataz Batholith                       
 YLL 01 Granodiorite  -73      3.6               
 YSF 20 Monzogranite  -85      2.7               
 YSF 22 Monzogranite  -77      2.7               
 YSF 19 Aplite dike  -70 -52     4.5               
δD, δ18O (carbonate minerals), δ13C & δ34S, Stable Isotope Laboratory, University of Lausanne, Switzerland 
δ18O (silicates), Queen’s University, Kingston, Canada 
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Table XXII - Summary table of the lead isotope data. The Pataz galena ore measurements are compared with residue/leach analyses 
of plutonic rocks from the Pataz Batholith (granitoids, dikes, biotite separates), and of volcano-sedimentary lithologies from the 
Marañón complex and the overlying lower Paleozoic units. 
 Sample # Material Vein, deposit, host unit    Residue  Leach  
   Geological unit  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb  
 YPP 15 Galena Mercedes, Papagayo (Cm-pb)  18.416 15.661 38.388          
 YTN 04 Galena Pencas piso, El Tingo (Cm-pb)  18.426 15.653 38.378          
 YTN 06 Galena Pencas piso, El Tingo (Cm-pb)  18.412 15.633 38.299          
 YTN 09 Galena Pencas piso, El Tingo (Cm-pb)  18.393 15.639 38.313          
 YTN 14B Galena Pencas piso, El Tingo (Cm-pb)  18.384 15.624 38.265          
 YTN 19 Galena Consuelo, Consuelo (Cm-pb)  18.396 15.638 38.347          
 YTN 25 Galena Consuelo, Consuelo (Cm-pb)  18.402 15.642 38.329          
 YTN 34 Galena Consuelo, Consuelo (Cm-pb)  18.407 15.657 38.380          
 YEX 11 Galena Irma, Santa Maria (Cm-pb)  18.428 15.631 38.318          
 YEX 12 Galena Irma, Santa Maria (Cm-pb)  18.416 15.659 38.383          
 YEX 24 Galena Picaflor, Culebrillas (Cm-pb)  18.458 15.688 38.501          
 YEX 01 Galena Nueva Porfia, Santa Maria (O-c)  18.395 15.625 38.275          
 YEX 14 Galena Maria Rosa, Santa Maria (O-c)  18.438 15.677 38.449          
 YEX 22 Galena Inca, Culebrillas (O-c)  18.448 15.681 38.480          
 YSF 47 Galena Carhuacoto, Estrella (Pε-ph)  18.353 15.654 38.359          
 YSF 48 Galena Carhuacoto, Estrella (Pε-ph)  18.365 15.674 38.426          
 YLL 01 Granodiorite Pataz Batholith (Cm-pb)      18.464 15.608 38.246  19.126 15.646 40.144  
 YPP 01 Granodiorite Pataz Batholith (Cm-pb)      18.494 15.616 38.270  19.119 15.658 40.447  
 YPP 03 Diorite Pataz Batholith (Cm-pb)      18.592 15.636 38.405  19.077 15.665 39.514  
 YSF 19 Aplite dike Pataz Batholith (Cm-pb)      18.492 15.653 38.396  19.917 15.764 40.792  
 YSF 20 Monzogranite Pataz Batholith (Cm-pb)      18.539 15.667 38.416  19.273 15.642 40.377  
 YTN 30 Lamprophyre dike Pataz Batholith (Cm-pb)      19.561 15.692 39.070  19.409 15.764 40.205  
 YLL 01 Biotite Pataz Batholith (Cm-pb)      22.218 15.839 39.567  19.115 15.690 39.090  
 YSF 19 Biotite Pataz Batholith (Cm-pb)      24.073 15.944 49.120  21.250 15.819 40.934  
 YSF 20 Biotite Pataz Batholith (Cm-pb)      21.875 15.828 39.347  20.221 15.745 39.899  
 YSF 15 Micaschist Marañón complex (Pε-ph)      20.116 15.766 39.615  18.609 15.683 39.037  
 YSF 25 Phyllite Marañón complex (Pε-ph)      22.842 15.817 39.112  20.507 15.812 39.408  
 YSF 26 Micaschist Marañón complex (Pε-ph)      18.977 15.671 39.064  18.766 15.611 39.349  
 YSF 13 Sandstone Vijus Formation (E-v)      18.652 15.690 38.474  18.898 15.693 40.258  
 YPP 24 Metadacite Vijus Formation (E-v)      18.881 15.704 38.767  19.037 15.694 39.585  
 YSF 03 Slate Contaya Formation (O-c)      19.315 15.695 38.824  19.078 15.702 39.839  
 YEX 45 Bioclastic calcarenite Ambo Group (Cm-a)      21.673 15.755 39.995  18.684 15.630 38.494  
 YEX 09 Red conglomerate Mitu Group (Ps-m)      18.901 15.665 38.785  18.718 15.761 38.967  
Lead Isotope Laboratory, University of Geneva, Switzerland 
 
Table XXIII - Summary table of the 87Sr/86Sr ratios. The Sr measurements on hydrothermal carbonate minerals from the Pataz lodes 
are compared with the Sr signatures of the Pataz Batholith and its underlying pre-Silurian substratum. 
 Sample # Material Vein, deposit Sr Rb 87Sr/86Sr  
   Geological unit (ppm) (ppm) measured  
 YLL 16 Ankerite La Lima 2, La Lima 204 0.2 0.71459  
 YPP 27 Ankerite Mercedes, Papagayo 126 0.1 0.71236  
 YPP 28 Ankerite Mercedes, Papagayo 107 0.2 0.71243  
 YPP 29 Ankerite “unnamed vein”, Papagayo 290 0.5 0.71428  
 YEX 60 Ankerite Maria Rosa, Santa Maria 256 0.2 0.70961  
 YTN 29 Dolomite Consuelo, Consuelo 148 0.1 0.70837  
 YLL 09B Calcite La Lima 2, La Lima 113 0.2 0.71314  
 YLL 13 Calcite La Lima 2, La Lima 216 0.2 0.71036  
 YLL 01 Granodiorite Pataz Batholith (Cm-pb)   0.71376  
 YPP 03 Diorite Pataz Batholith (Cm-pb)   0.71229  
 YSF 20 Monzogranite Pataz Batholith (Cm-pb)   0.71778  
  Metasedimentary rocks      
 YSF 15 Micaschiste Marañón complex (Pε-ph)   0.77847  
 YSF 26 Micaschist Marañón complex (Pε-ph)   0.77339  
 YSF 13 Sandstone Vijus Formation (E-v)   0.75099  
 YPP 24 Metadacite Vijus Formation (E-v)   0.72949  
 YSF 03 Slate Contaya Formation (O-c)   0.74899  
Strontium Isotope Laboratory, University of Geneva, Switzerland 
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Appendix E. Fluid inclusion microthermometric data 
Table XXIV - Summary table of the microthermometric measurements acquired on the various fluid inclusion populations. 
 Vein, Deposit Sample Host mineral Pt. # Population Tm ice Tm clat. NaCl TH VL/VT Composition  
     position # (°C) (°C) (wt % equiv) (°C)    
 "Unnamed", Papagayo YPP 29 quartz Ib3 pseudosecondary 1  8.1 3.7 202.5 0.95 H2O-NaCl-CO2±CH4  
  YPP 29 quartz Ic2 pseudosecondary 1  5.6 8.0 247.5 0.97 H2O-NaCl-CO2±CH4  
  YPP 29 quartz IIa3 pseudosecondary 1  7.7 4.4 185.0 0.95 H2O-NaCl-CO2±CH4  
  YPP 29 quartz IIb2 pseudosecondary 1  6.1 7.2 254.5 0.93 H2O-NaCl-CO2±CH4  
  YPP 29 quartz IId2 pseudosecondary 1  7.7 4.4 209.5 0.95 H2O-NaCl-CO2±CH4  
 Mercedes, Papagayo YPP16D quartz IVm1 pseudosecondary 1  8.0 3.9 279.0 0.91 H2O-NaCl-CO2±CH4  
 Consuelo, Consuelo YTN 20 quartz Id1 pseudosecondary 1  9.2 1.6 219.0 0.93 H2O-NaCl-CO2±CH4  
  YTN 20 quartz Id2 pseudosecondary 1  9.5 1.0 261.5 0.94 H2O-NaCl-CO2±CH4  
  YTN 20 quartz IIb3 pseudosecondary 1  8.1 3.7 229.5 0.97 H2O-NaCl-CO2±CH4  
 Irma, Santa Maria YEX 12 quartz Ia1 pseudosecondary 1  6.8 6.0 227.5 0.95 H2O-NaCl-CO2±CH4  
 Picaflor, Culebrillas YEX 21D quartz Ib4 pseudosecondary 1  6.5 6.5 242.0 0.94 H2O-NaCl-CO2±CH4  
  YEX 21D quartz Ic3 pseudosecondary 1  6.9 5.9 214.5 0.93 H2O-NaCl-CO2±CH4  
  YEX 21D quartz Ic6 pseudosecondary 1  6.6 6.4 274.6 0.92 H2O-NaCl-CO2±CH4  
 Inca, Culebrillas YEX 23 quartz I a1 pseudosecondary 1  7.0 5.7 255.5 0.96 H2O-NaCl-CO2±CH4  
  YEX 23 quartz I b1 pseudosecondary 1  6.8 6.0 243.0 0.95 H2O-NaCl-CO2±CH4  
  YEX 23 quartz I b2 pseudosecondary 1  7.2 5.3 259.5 0.97 H2O-NaCl-CO2±CH4  
  YEX 23 quartz Ic1 pseudosecondary 1  6.8 6.0 244.0 0.96 H2O-NaCl-CO2±CH4  
 "Unnamed", Papagayo YPP 29 quartz Id2 secondary 2A -5.3  8.3 180.0 0.95 H2O-NaCl  
  YPP 29 quartz IIc3 secondary 2A -6.5  9.9 171.0 0.97 H2O-NaCl  
 Mercedes, Papagayo YPP16D quartz IVa3 secondary 2A -10.7  14.7 219.0 0.97 H2O-NaCl  
  YPP16D quartz   IVg1 secondary 2A -8.7  12.5 208.0 0.96 H2O-NaCl  
  YPP16D quartz IVh1 secondary 2A -8.9  12.8 257.8 0.97 H2O-NaCl  
  YPP16D quartz IVk3 secondary 2A -5.8  8.9 225.0 0.98 H2O-NaCl  
 Consuelo, Consuelo YTN 20 quartz Ia2 secondary 2A -2.8  4.6 174.0 0.95 H2O-NaCl  
  YTN 20 quartz IIc1 secondary 2A -10.3  14.3 201.0 0.97 H2O-NaCl  
 Nueva Porfia, Santa Maria YEX 01 quartz Ic1 secondary 2A -3.8  6.1 158.5 0.95 H2O-NaCl  
  YEX 01 quartz Id1 secondary 2A -6.9  10.4 158.5 0.98 H2O-NaCl  
  YEX 01 quartz Ie1 secondary 2A -4.7  7.4 147.5 0.95 H2O-NaCl  
  YEX 01 quartz If2 secondary 2A -6.5  9.9 203.5 0.95 H2O-NaCl  
 Irma, Santa Maria YEX 12 quartz   Ib1 secondary 2A -10.2  14.2 209.0 0.95 H2O-NaCl  
  YEX 12 quartz   Ic1 secondary 2A -8.4  12.2 207.5 0.96 H2O-NaCl  
 Maria Rosa, Santa Maria YEX14 quartz Ia1 secondary 2A -8.6  12.4 170.5 0.97 H2O-NaCl  
  YEX14 quartz Ia2 secondary 2A -9.7  13.7 174.5 0.96 H2O-NaCl  
  YEX14 quartz Ib1 secondary 2A -8.5  12.3 199.0 0.97 H2O-NaCl  
  YEX14 quartz Ib2 secondary 2A -8.8  12.6 211.0 0.97 H2O-NaCl  
  YEX14 quartz   Id2 secondary 2A -3.4  5.5 150.5 0.98 H2O-NaCl  
  YEX14 quartz Ie2 secondary 2A -10.3  14.3 234.0 0.96 H2O-NaCl  
  YEX14 quartz Ie3 secondary 2A -8.3  12.1 261.0 0.97 H2O-NaCl  
 Picaflor, Culebrillas YEX 21D quartz Ib2 secondary 2A -6.1  9.3 150.6 0.95 H2O-NaCl  
  YEX 21D quartz   Ib2 secondary 2A -6.1  9.3 150.6 0.95 H2O-NaCl  
 "Unnamed", Papagayo YPP 29 sphalerite Ib1 pseudosecondary 2B -10.2  14.2 261.5 0.96 H2O-NaCl  
  YPP 29 sphalerite IIb3 pseudosecondary 2B -11.2  15.2 177.0 0.97 H2O-NaCl  
  YPP 29 sphalerite IIIa1 pseudosecondary 2B -4.9  7.7 164.5 0.99 H2O-NaCl  
  YPP 29 sphalerite IVa4 pseudosecondary 2B -9.7  13.7 157.0 0.98 H2O-NaCl  
 Consuelo, Consuelo YTN 34 sphalerite IIa1 pseudosecondary 2B -5.4  8.4 174.0 0.99 H2O-NaCl  
  YTN 34 sphalerite IIIa1 pseudosecondary 2B -4.4  7.0 208.0 0.98 H2O-NaCl  
 Nueva Porfia, Santa Maria YEX 01 sphalerite Ia2 pseudosecondary 2B -3.5  5.7 151.0 0.98 H2O-NaCl  
  YEX 01 sphalerite Ib2 pseudosecondary 2B -2.8  4.6 156.0 0.97 H2O-NaCl  
  YEX 01 sphalerite Ib3 pseudosecondary 2B -4.2  6.7 162.5 0.95 H2O-NaCl  
  YEX 01 sphalerite Ic2 pseudosecondary 2B -5.3  8.3 149.0 0.97 H2O-NaCl  
  YEX 01 sphalerite Id2 pseudosecondary 2B -3.2  5.2 168.0 0.97 H2O-NaCl  
  YEX 01 sphalerite If3 pseudosecondary 2B -2.8  4.6 169.0 0.98 H2O-NaCl  
  YEX 01 sphalerite Ig2 pseudosecondary 2B -5.1  8.0 152.0 0.98 H2O-NaCl  
 Maria Rosa, Santa Maria YEX14 sphalerite IIa1 pseudosecondary 2B -2.8  4.6 141.5 0.98 H2O-NaCl  
  YEX14 sphalerite IIa2 pseudosecondary 2B -6.6  10.0 147.0 0.98 H2O-NaCl  
 Mercedes, Papagayo YPP 15 quartz   Ia1 post-ore 3A -14.2  18.1 153.0 0.97 H2O-NaCl-CaCl2  
  YPP 15 quartz   Ib1 post-ore 3A -13.9  17.8 156.0 0.96 H2O-NaCl-CaCl2  
 Mercedes, Papagayo YPP16D quartz IVc2 post-ore 3A -7.6  11.2 128.0 0.95 H2O-NaCl-CaCl2  
 "Unnamed", Papagayo YPP 29 quartz Ia3 post-ore 3A -9.1  13.0 128.5 0.97 H2O-NaCl-CaCl2  
  YPP 29 quartz Ic1 post-ore 3A -8.1  11.8 107.5 0.98 H2O-NaCl-CaCl2  
  YPP 29 quartz IIe2 post-ore 3A -13.5  17.5 126.5 0.97 H2O-NaCl-CaCl2  
 Nueva Porfia, Santa Maria YEX 01 quartz   Ia1 post-ore 3A -17.9  21.1 103.0 0.98 H2O-NaCl-CaCl2  
  YEX 01 quartz   Ib1 post-ore 3A -19.7  22.4 138.0 0.98 H2O-NaCl-CaCl2  
  YEX 01 quartz   Ib2 post-ore 3A -20.2  22.8 115.0 0.97 H2O-NaCl-CaCl2  
  YEX 01 quartz   Ig1 post-ore 3A -17.2  20.6 156.5 0.97 H2O-NaCl-CaCl2  
  YEX 01 quartz   Ig2 post-ore 3A -17.8  21.0 134.0 0.97 H2O-NaCl-CaCl2  
  YEX 01 quartz   Ih2 post-ore 3A -20.9  23.3 147.0 0.92 H2O-NaCl-CaCl2  
 Picaflor, Culebrillas YEX 21D quartz Ia3 post-ore 3A -11.8  15.8 109.0 0.96 H2O-NaCl-CaCl2  
 "Unnamed", Papagayo YPP 29 sphalerite Ia1 post-ore 3B -9.9  13.9 121.0 0.99 H2O-NaCl-CaCl2  
  YPP 29 sphalerite IIa1 post-ore 3B -11.0  15.0 151.5 0.98 H2O-NaCl-CaCl2  
  YPP 29 sphalerite IIIb1 post-ore 3B -9.7  13.7 125.0 0.99 H2O-NaCl-CaCl2  
  YPP 29 sphalerite IVa1 post-ore 3B -9.6  13.5 134.0 0.98 H2O-NaCl-CaCl2  
  YPP 29 sphalerite IVb2 post-ore 3B -11.1  15.1 126.5 0.98 H2O-NaCl-CaCl2  
  YPP 29 sphalerite IVc2 post-ore 3B -9.3  13.2 138.5 0.98 H2O-NaCl-CaCl2  
 Consuelo, Consuelo YTN 34 sphalerite Iva1 post-ore 3B -18.6  21.6 119.0 0.98 H2O-NaCl-CaCl2  
  YTN 34 sphalerite IVb1 post-ore 3B -21.6  23.8 147.0 0.99 H2O-NaCl-CaCl2  
  YTN 34 sphalerite Vc1 post-ore 3B -10.9  14.9 93.0 0.98 H2O-NaCl-CaCl2  
 Maria Rosa, Santa Maria YEX14 sphalerite Ib2 post-ore 3B -16.5  20.0 121.0 0.98 H2O-NaCl-CaCl2  
  YEX14 sphalerite IIb2 post-ore 3B -15.8  19.5 112.0 0.99 H2O-NaCl-CaCl2  
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Appendix F. 40Ar/39Ar dating 
Table XXV - Ar release data for plutonic hornblende and mica separates of the Pataz Batholith, for a K-feldspar separate of a 
porphyritic monzonite dike and for hydrothermal muscovite separates of the Pataz lodes. 
   Temp Ca/K 36Ar/39Ar 40*Ar /39Ar 40Ar 39Ar %40*Ar Apparent ages  
     (°C)    (× 10-14 mole) (× 10-14 mole)          (Ma ±2σ)  
 YPP 01 Fe-Hornblende   800 0.8675 0.01191 35.591 247.9 6.3 91.1 263.0 ± 3.0  
     850 0.2865 0.00812 41.039 53.9 1.2 94.5 300.1 ± 3.4  
  Host: granodiorite   875 0.3761 0.00656 41.342 60.9 1.4 95.6 302.1 ± 3.3  
  Wt. = 37.0 mg   925 0.9034 0.00889 40.837 94.7 2.2 94.0 298.7 ± 3.3  
  J = 0.00441   950 1.5836 0.00634 41.268 86.0 2.0 95.8 301.7 ± 3.3  
  Total gas age = 307.1 Ma   975 2.8646 0.00644 42.717 84.9 1.9 96.0 311.4 ± 3.4  
  Plateau age = 321.8±1.2 Ma   985 4.0193 0.00661 43.649 71.4 1.6 96.1 317.6 ± 3.5  
    1000 6.8568 0.00619 44.378 110.4 2.4 96.6 322.5 ± 3.5  
    1015 9.6412 0.00349 44.265 327.1 7.3 98.6 321.7 ± 3.5  
    1025 9.9036 0.00291 44.376 364.8 8.2 99.0 322.4 ± 3.5  
   P
LA
TE
A
U
 
 1050 9.3562 0.00263 44.091 392.8 8.9 99.1 320.6 ± 3.5  
     1075 6.2688 0.00212 43.168 178.3 4.1 99.1 314.4 ± 3.4  
     1100 5.0840 0.00210 42.423 136.3 3.2 99.0 309.4 ± 3.4  
     1150 8.9258 0.00304 42.670 361.3 8.4 98.7 311.1 ± 3.4  
     1200 7.9259 0.00794 38.627 79.7 2.0 95.0 283.8 ± 3.2  
     1400 5.1523 0.24452 34.476 162.1 1.5 32.3 255.3 ± 9.8  
 YPP 02 Fe-Hornblende   800 0.3173 0.00627 40.082 369.2 8.8 95.6 291.8 ± 3.6  
     850 0.2022 0.00433 41.710 148.0 3.4 97.0 302.7 ± 3.3  
  Host: granodiorite   875 0.2734 0.00415 42.477 129.7 3.0 97.2 307.8 ± 3.4  
  Wt. = 38.0 mg   900 0.4011 0.00366 42.527 127.1 2.9 97.6 308.2 ± 3.4  
  J = 0.00438   925 0.9374 0.00606 43.593 169.1 3.7 96.1 315.2 ± 3.5  
  Total gas age = 314.8   950 1.5085 0.00507 43.301 124.8 2.8 96.8 313.3 ± 3.5  
  Plateau age = 323.0±4.0 Ma  975 2.8997 0.00525 44.544 151.3 3.3 96.9 321.5 ± 3.5  
    985 4.3682 0.00463 45.480 127.4 2.7 97.4 327.7 ± 3.6  
    1000 7.2028 0.00413 45.967 185.4 4.0 98.0 330.9 ± 3.6  
    1015 9.3831 0.00325 45.812 361.4 7.8 98.7 329.9 ± 3.6  
    1025 9.1960 0.00271 45.451 341.1 7.5 99.0 327.5 ± 3.6  
    1050 8.3476 0.00219 44.710 380.0 8.5 99.3 322.6 ± 3.5  
    1075 4.5395 0.00153 43.962 265.7 6.0 99.4 317.7 ± 3.4  
    1100 3.2296 0.00144 43.843 216.7 4.9 99.3 316.9 ± 3.5  
   
PL
A
TE
A
U
 
 1150 7.0410 0.00219 43.462 497.2 11.4 99.2 314.4 ± 3.4  
     1200 4.3674 0.00390 39.127 89.0 2.2 97.6 285.4 ± 3.2  
     1400 7.8835 0.04464 38.648 80.9 1.6 75.0 282.1 ± 4.1  
 YPP 03 Mg-Hornblende   800 0.8002 0.02012 35.494 318.7 7.7 85.7 269.0 ± 3.1  
     850 0.4242 0.00532 40.235 132.3 3.2 96.3 302.1 ± 3.4  
  Host: diorite   875 0.4794 0.00533 41.171 105.9 2.5 96.4 308.5 ± 3.4  
  Wt. = 40.9 mg   900 0.6950 0.00492 40.810 108.4 2.6 96.6 306.0 ± 3.3  
  J = 0.00453   925 0.9545 0.00496 40.337 115.7 2.8 96.6 302.8 ± 3.3  
  Total gas age = 312.9 Ma   950 1.4202 0.00555 40.106 105.6 2.5 96.2 301.2 ± 3.2  
  Plateau age = 321.4±3.8 Ma   975 2.3088 0.00573 41.478 116.4 2.7 96.3 310.6 ± 3.4  
     985 2.9059 0.00643 42.680 89.3 2.0 96.0 318.9 ± 3.5  
    1000 5.6289 0.00596 43.091 118.8 2.7 96.5 321.7 ± 3.5  
    1015 10.5232 0.00366 43.937 368.0 8.3 98.5 327.5 ± 3.5  
    1025 10.6224 0.00355 43.551 367.2 8.3 98.6 324.8 ± 3.5  
    1050 9.7285 0.00275 43.539 426.0 9.7 99.0 324.8 ± 3.4  
    1075 6.0978 0.00228 42.443 243.9 5.7 99.0 317.3 ± 3.4  
    1100 4.3234 0.00249 41.973 153.1 3.6 98.7 314.0 ± 3.3  
   
PL
A
TE
A
U
 
 1150 6.5742 0.00238 43.035 482.5 11.1 99.0 321.3 ± 3.4  
     1200 9.0331 0.00810 40.441 118.3 2.8 95.2 303.5 ± 3.3  
 YPP 08 Mg-Hornblende   850 0.0000 0.01559 37.182 440.4 10.5 89.0 278.0 ± 3.2  
     950 1.2285 0.00338 41.408 313.5 7.4 97.8 307.0 ± 3.3  
  Host: tonalite  1000 4.2828 0.00471 43.280 302.9 6.8 97.2 319.7 ± 3.5  
  Wt. = 36.2 mg  1050 9.7987 0.00319 44.108 1108.9 24.9 98.8 325.3 ± 3.5  
  J = 0.00448  1070 3.8813 0.00260 42.613 228.2 5.3 98.6 315.2 ± 3.4  
  Total gas age = 313.2 Ma  1090 5.1037 0.00225 42.465 171.0 4.0 98.9 314.2 ± 3.4  
  Plateau age = 319.6±3.2 Ma  1110 7.4902 0.00210 43.464 172.3 3.9 99.3 321.0 ± 3.5  
    1120 6.3233 0.00308 43.794 101.7 2.3 98.5 323.2 ± 3.6  
   
PL
A
TE
A
U
 
 1130 6.4612 0.00336 43.639 40.8 0.9 98.3 322.2 ± 3.6  
     1140 5.9115 0.02110 42.562 24.5 0.5 87.6 314.9 ± 3.7  
     1175 7.3718 0.00562 42.494 28.6 0.7 96.9 314.4 ± 3.9  
     1200 6.4661 0.00205 42.037 27.1 0.6 99.2 311.3 ± 3.6  
     1225 6.2635 0.00391 42.287 21.4 0.5 97.9 313.0 ± 3.7  
     1250 6.1609 0.01160 42.506 22.0 0.5 93.0 314.5 ± 3.6  
     1300 6.7908 0.07883 42.906 51.5 0.8 65.0 317.2 ± 4.3  
     1332 6.8308 0.19550 40.783 69.9 0.7 41.4 302.7 ± 7.2  
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Table XXV - (cont.) 
   Temp Ca/K 36Ar/39Ar 40*Ar /39Ar 40Ar 39Ar %40*Ar Apparent ages  
     (°C)    (× 10-14 mole) (× 10-14 mole)          (Ma ±2σ)  
 YPP 02 Biotite   600 1.0998 0.02790 24.971 39.4 1.2 75.3 183.2 ± 2.4  
     700 0.3252 0.00831 33.849 218.6 6.0 93.3 244.1 ± 2.8  
  Host: granodiorite   800 0.0500 0.00533 45.672 1128.0 23.9 96.7 322.1 ± 3.7  
  Wt. = 17.5 mg  850 0.0288 0.00072 46.442 1129.4 24.2 99.5 327.1 ± 3.7  
  J = 0.00428  900 0.0338 0.00066 46.541 680.2 14.6 99.6 327.7 ± 3.6  
  Total gas age = 323.3 Ma  925 0.0648 0.00077 47.044 497.0 10.5 99.5 331.0 ± 3.8  
  Plateau age = 328.1±1.2 Ma  950 0.0789 0.00061 46.900 429.4 9.1 99.6 330.0 ± 3.7  
    975 0.0823 0.00052 46.869 461.3 9.8 99.7 329.8 ± 3.6  
    1000 0.0963 0.00039 46.539 540.1 11.6 99.8 327.7 ± 3.6  
    1025 0.0858 0.00032 46.411 856.2 18.4 99.8 326.9 ± 3.6  
    1050 0.0726 0.00036 46.275 1150.5 24.8 99.8 326.0 ± 3.6  
    1100 0.1238 0.00031 46.530 1295.5 27.8 99.8 327.6 ± 3.7  
    1150 0.6022 0.00081 46.376 292.1 6.3 99.5 326.7 ± 3.7  
    1200 0.5760 0.00443 46.317 50.6 1.1 97.3 326.3 ± 4.0  
   
PL
A
TE
A
U
 
 1225 0.5227 0.01293 47.589 21.1 0.4 92.6 334.5 ± 4.1  
 YSF 22 Biotite   600 0.6368 0.01360 26.533 87.2 2.9 86.9 191.9 ± 2.3  
     700 0.1294 0.00662 43.397 157.6 3.5 95.7 304.1 ± 3.4  
  Host: monzogranite   800 0.0375 0.00530 46.157 974.5 20.4 96.7 321.8 ± 3.7  
  Wt. = 16.7 mg  850 0.0247 0.00071 47.039 980.0 20.7 99.6 327.4 ± 3.7  
  J = 0.00423  900 0.0278 0.00098 46.841 655.2 13.9 99.4 326.1 ± 3.7  
  Total gas age = 322.2 Ma  925 0.0399 0.00189 47.100 436.0 9.1 98.8 327.8 ± 3.7  
  Plateau age = 329.2±1.4 Ma  950 0.0527 0.00226 47.880 403.3 8.3 98.6 332.7 ± 3.7  
    975 0.0458 0.00475 47.732 571.5 11.6 97.1 331.8 ± 3.8  
    1000 0.0496 0.00477 47.437 567.8 11.6 97.1 329.9 ± 3.7  
    1025 0.0474 0.00175 47.374 831.2 17.4 98.9 329.5 ± 3.7  
    1050 0.0488 0.00134 47.374 1069.3 22.4 99.2 329.5 ± 3.7  
    1100 0.0981 0.00106 47.496 1311.4 27.4 99.4 330.3 ± 3.7  
   
PL
A
TE
A
U
 
 1150 0.5005 0.00418 47.179 393.9 8.1 97.5 328.3 ± 3.7  
     1200 0.5553 0.01508 44.587 92.1 1.9 91.0 311.7 ± 3.6  
     1225 0.3466 0.03203 41.411 39.5 0.8 81.4 291.2 ± 3.7  
     1250 0.0590 0.05737 40.369 27.0 0.5 70.4 284.4 ± 4.8  
     1282 0.3728 0.12280 30.511 20.4 0.3 45.7 219.0 ± 7.6  
     1549 0.2553 0.06933 22.239 91.2 2.1 52.1 162.2 ± 5.5  
 YSF 19 Biotite   600 0.3005 0.00518 36.451 176.2 4.6 96.0 257.0 ± 3.0  
     700 0.0536 0.00525 46.346 377.1 7.9 96.8 320.9 ± 3.6  
  Host: aplite dike  800 0.0202 0.00262 47.194 1674.9 34.9 98.4 326.2 ± 3.7  
  Wt. = 13.5 mg  850 0.0259 0.00085 46.854 798.0 16.9 99.5 324.1 ± 3.6  
  J = 0.00420  900 0.0565 0.00120 46.316 388.2 8.3 99.2 320.7 ± 3.6  
  Total gas age = 322.9 Ma  925 0.1398 0.00120 46.745 261.3 5.5 99.3 323.4 ± 3.6  
  Plateau age = 325.4±1.4 Ma  950 0.1484 0.00079 47.234 296.2 6.2 99.5 326.5 ± 3.7  
    975 0.0610 0.00043 47.118 481.5 10.2 99.7 325.8 ± 3.7  
    1000 0.0417 0.00033 47.367 619.3 13.0 99.8 327.3 ± 3.7  
    1025 0.0443 0.00035 47.337 609.0 12.8 99.8 327.1 ± 3.7  
    1050 0.0608 0.00060 47.407 471.8 9.9 99.6 327.6 ± 3.7  
   
PL
A
TE
A
U
 
 1100 0.1535 0.00043 47.196 316.7 6.7 99.7 326.3 ± 3.7  
     1150 0.2883 0.00089 45.693 98.9 2.2 99.4 316.7 ± 3.6  
     1200 0.1818 0.00065 45.355 54.6 1.2 99.6 314.6 ± 3.6  
     1225 0.2139 0.00033 44.039 22.3 0.5 99.8 306.2 ± 3.6  
     1250 0.2602 0.00127 43.376 14.1 0.3 99.2 301.9 ± 3.9  
 YSF 19 Muscovite   700 0.5522 0.01314 33.429 112.7 3.0 89.6 238.6 ± 2.9  
     800 0.1415 0.03416 41.584 276.1 5.3 80.5 292.3 ± 3.5  
  Host: aplite dike   850 0.0572 0.00378 45.174 709.8 15.3 97.6 315.5 ± 3.6  
  Wt. = 17.3 mg  900 0.0185 0.00099 46.712 2430.0 51.7 99.4 325.3 ± 3.7  
  J = 0.00423  950 0.0231 0.00102 46.427 1102.2 23.6 99.4 323.5 ± 3.7  
  Total gas age = 320.6 Ma  1000 0.0309 0.00174 45.561 864.4 18.8 98.9 318.0 ± 3.6  
  Plateau age = 322.1±2.8 Ma  1025 0.0382 0.00228 45.617 395.1 8.5 98.5 318.3 ± 3.6  
    1050 0.0377 0.00179 45.804 363.6 7.8 98.9 319.5 ± 3.6  
    1100 0.0343 0.00107 46.791 693.9 14.7 99.3 325.8 ± 3.7  
   
PL
A
TE
A
U
 
 1200 0.0298 0.00059 46.795 2145.9 45.7 99.6 325.8 ± 3.7  
     1400 0.2455 0.02242 43.328 191.4 3.8 86.8 303.6 ± 3.5  
 YSF 45 K-feldspar   600 0.0764 0.11592 63.459 723.2 7.4 64.9 429.9 ± 5.7  
     700 0.0827 0.02404 26.056 597.8 18.0 78.6 189.1 ± 2.4  
  Host: porphyritic monzonite dike   750 0.0833 0.02636 23.291 302.9 9.7 74.9 169.9 ± 2.2  
  Wt. = 19.5 mg   850 0.0457 0.00620 20.569 329.2 14.7 91.8 150.9 ± 1.8  
  J = 0.00424   950 0.0288 0.00432 19.448 278.8 13.5 93.8 143.0 ± 1.7  
  Total gas age = 151.8 Ma  1000 0.0201 0.00379 18.197 231.0 12.0 94.2 134.1 ± 1.6  
  Plateau age = 137.4±3.4 Ma  1050 0.0166 0.00453 17.897 509.2 26.5 93.0 132.0 ± 1.6  
    1100 0.0118 0.00495 18.452 752.4 37.8 92.7 135.9 ± 1.6  
    1150 0.0114 0.00442 18.882 1049.8 52.0 93.5 138.9 ± 1.7  
    1175 0.0101 0.00415 19.230 764.4 37.4 94.0 141.4 ± 1.7  
   
PL
A
TE
A
U
 
 1200 0.0081 0.00387 19.271 642.9 31.5 94.4 141.7 ± 1.7  
     1225 0.0072 0.00394 19.730 597.5 28.6 94.4 144.9 ± 1.8  
     1250 0.0067 0.00433 20.595 500.8 22.9 94.2 151.0 ± 1.8  
     1275 0.0096 0.00623 22.403 187.9 7.8 92.4 163.7 ± 1.9  
     1300 0.0773 0.04364 23.138 57.1 1.6 64.2 168.8 ± 2.5  
     1325 0.1578 0.05887 22.844 23.8 0.6 56.8 166.8 ± 3.3  
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Table XXV - (cont.) 
   Temp Ca/K 36Ar/39Ar 40*Ar /39Ar 40Ar 39Ar %40*Ar Apparent ages  
     (°C)    (× 10-14 mole) (× 10-14 mole)          (Ma ±2σ)  
 YLL 13 Muscovite   700 2.0803 0.00737 20.654 148.2 6.5 90.8 150.4 ± 1.8  
     800 8.1056 0.01050 33.792 496.0 13.6 92.4 240.0 ± 2.8  
  Vein: La Lima 2   850 2.2797 0.00149 39.524 596.0 15.0 99.1 277.7 ± 3.2  
  Wt. = 17.4 mg   900 0.1909 0.00057 41.186 768.5 18.6 99.6 288.5 ± 3.3  
  J = 0.00421   950 0.0515 0.00041 43.199 1966.3 45.4 99.7 301.5 ± 3.5  
  Total gas age = 294.3 Ma  1000 0.0187 0.00033 44.723 2240.8 50.0 99.8 311.2 ± 3.6  
  Plateau age = 312.1±0.8 Ma  1025 0.0151 0.00016 44.900 625.5 13.9 99.9 312.4 ± 3.5  
    1050 0.0188 0.00038 44.899 794.4 17.6 99.8 312.4 ± 3.5  
   P
LA
TE
A
U
 
 1100 0.0418 0.00026 44.895 418.7 9.3 99.8 312.3 ± 3.5  
     1200 0.2809 0.00087 43.890 164.7 3.7 99.4 305.9 ± 3.5  
     1400 0.2706 0.00557 44.507 281.6 6.1 96.5 309.8 ± 3.5  
     1649 0.1641 0.14243 42.697 92.3 1.1 50.4 298.2 ± 8.8  
 YTN 20 Fuchsite   700 0.6593 0.00871 22.517 248.6 9.9 89.8 163.0 ± 1.9  
     800 5.0054 0.01094 38.305 496.8 12.0 92.7 269.1 ± 3.1  
  Vein: Consuelo   850 0.3674 0.00204 39.737 560.8 13.9 98.5 278.5 ± 3.2  
  Wt. = 16.9 mg   900 0.0403 0.00119 41.817 707.5 16.8 99.2 291.9 ± 3.3  
  J = 0.00420   950 0.0251 0.00085 43.959 1301.1 29.4 99.4 305.7 ± 3.5  
  Total gas age = 294.9 Ma  1000 0.0134 0.00067 44.994 1762.7 39.0 99.6 312.3 ± 3.5  
  Plateau age = 313.5±1.4 Ma  1025 0.0147 0.00090 44.954 1000.1 22.1 99.4 312.0 ± 3.5  
    1050 0.0174 0.00104 45.282 609.3 13.4 99.3 314.1 ± 3.6  
    1100 0.0394 0.00139 45.420 296.9 6.5 99.1 315.0 ± 3.6  
   
PL
A
TE
A
U
 
 1200 0.1936 0.00492 45.301 111.7 2.4 96.9 314.2 ± 3.6  
     1400 1.7582 0.04135 48.225 175.2 2.9 79.9 332.7 ± 4.0  
 YTN 16 Muscovite   700 1.2284 0.00452 24.854 321.8 12.3 95.1 179.9 ± 2.1  
     800 2.4426 0.00680 36.693 821.2 21.3 95.0 259.7 ± 3.0  
  Vein: Pencas piso   850 0.4595 0.00121 41.311 977.6 23.5 99.2 289.9 ± 3.3  
  Wt. = 16.2 mg   900 0.0770 0.00110 42.815 860.4 19.9 99.3 299.6 ± 3.4  
  J = 0.00422   950 0.0403 0.00085 43.885 1171.7 26.5 99.4 306.5 ± 3.4  
  Total gas age = 289.8 Ma  1000 0.0195 0.00096 44.832 1215.6 26.9 99.4 312.6 ± 3.5  
  Plateau age = 314.1±1.2 Ma  1025 0.0178 0.00154 45.192 632.5 13.9 99.0 314.9 ± 3.5  
    1050 0.0245 0.00210 45.174 400.5 8.7 98.6 314.8 ± 3.5  
   P
LA
TE
A
U
 
 1100 0.0534 0.00309 45.075 277.8 6.0 98.0 314.2 ± 3.5  
     1200 0.3016 0.01396 42.391 117.5 2.5 91.2 296.9 ± 3.4  
     1400 0.4315 0.06491 42.500 182.7 3.0 68.9 297.6 ± 4.6  
 YPP 13 Muscovite   700 0.2775 0.01354 18.497 144.9 6.4 82.3 135.9 ± 1.7  
     800 0.0657 0.01106 28.248 365.6 11.6 89.6 203.6 ± 2.4  
  Vein: Mercedes   850 0.0324 0.00268 35.059 403.2 11.2 97.8 249.5 ± 2.8  
  Wt. = 15.2 mg   900 0.0263 0.00199 37.589 572.9 15.0 98.5 266.2 ± 3.0  
  J = 0.00423   950 0.0113 0.00100 40.511 1312.7 32.2 99.3 285.4 ± 3.2  
  Total gas age = 279.6 Ma  1000 0.0091 0.00083 42.961 1843.0 42.7 99.4 301.2 ± 3.4  
  Plateau age = 304.9±3.0 Ma  1025 0.0104 0.00173 43.444 906.4 20.6 98.8 304.4 ± 3.4  
    1050 0.0127 0.00180 43.697 588.9 13.3 98.8 306.0 ± 3.4  
   P
LA
TE
A
U
 
 1100 0.0201 0.00274 44.033 433.8 9.7 98.2 308.2 ± 3.4  
     1200 0.2037 0.01438 40.045 132.8 3.0 90.4 282.3 ± 3.6  
     1400 0.4760 0.07061 47.264 181.6 2.7 69.4 328.8 ± 5.5  
 YEX 21B Muscovite   700 0.1267 0.01007 23.137 288.0 11.0 88.6 167.3 ± 2.0  
     800 0.0308 0.00283 32.243 486.8 14.7 97.5 229.1 ± 2.7  
  Vein: Picaflor   850 0.0217 0.00198 36.435 506.7 13.7 98.4 256.9 ± 3.0  
  Wt. = 14.8 mg   900 0.0135 0.00154 39.031 694.1 17.6 98.8 273.9 ± 3.2  
  J = 0.00420   950 0.0106 0.00085 41.946 1364.9 32.3 99.4 292.7 ± 3.4  
  Total gas age = 280.5 Ma  1000 0.0070 0.00073 43.689 1727.9 39.4 99.5 303.9 ± 3.5  
  Plateau age = 304.8±1.4 Ma  1025 0.0106 0.00125 43.635 985.8 22.4 99.2 303.6 ± 3.5  
    1050 0.0193 0.00201 43.691 627.5 14.2 98.7 304.0 ± 3.5  
    1100 0.0109 0.00235 44.157 402.1 9.0 98.4 306.9 ± 3.5  
   
PL
A
TE
A
U
 
 1200 0.0640 0.01659 43.985 79.6 1.6 90.0 305.8 ± 3.8  
     1400 0.1796 0.15919 45.211 64.0 0.7 49.0 313.7 ± 7.0  
 YLL 10 Muscovite   700 0.5088 0.00577 14.631 185.6 11.4 89.7 108.1 ± 1.3  
     800 1.6069 0.01273 25.995 335.9 11.3 87.5 187.8 ± 2.3  
  Vein: La Lima 2   850 0.6892 0.00209 31.263 417.9 13.1 98.1 223.6 ± 2.6  
  Wt. = 16.5 mg   900 0.0786 0.00108 34.657 946.8 27.1 99.1 246.3 ± 2.9  
  J = 0.00422   950 0.0348 0.00092 38.390 1531.3 39.6 99.3 270.9 ± 3.1  
  Total gas age = 255.6 Ma  1000 0.0187 0.00088 40.467 1605.3 39.4 99.4 284.4 ± 3.3  
  Plateau age = 287.5±2.8 Ma  1025 0.0213 0.00127 40.892 846.6 20.5 99.1 287.2 ± 3.3  
    1050 0.0252 0.00150 41.420 507.2 12.1 98.9 290.6 ± 3.3  
   P
LA
TE
A
U
 
 1100 0.0668 0.00252 40.808 222.8 5.4 98.2 286.6 ± 3.4  
     1200 0.3592 0.00996 39.009 93.7 2.2 93.0 274.9 ± 3.3  
     1400 1.0084 0.06320 40.924 211.6 3.6 68.7 287.4 ± 3.9  
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